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Preface 

A backward glance of the many new industries that emerged in the 
20th century would surely recognize communications, automobile, 
aircraft, computer and several others that have had a global impact on 
world economy. Yet another industry, and an often neglected industry, 
made its debut early in the 20th century - the Plastics Industry. The 
Plastics Industry owes its identity to the brilliance of Dr. Leo Hendrik 
Baekeland (1863 -1944). 

He discovered the technique, currently in use to this day, to manu­
facture highly crosslinked plastics by transforming monomerk and/or 
oligomeric phenolic materials into attractive phenolic products. 

Today phenolics represent one of the many different types of com­
mercially available plastics (thermoset and thermoplastic). Phenolics 
are distinguished by a broad array of application areas that utilize 
phenolics as compared to other thermoset or thermoplastic resins. 
Thermoplastic resins transformed into molded products, films or 
synthetic fibers (polypropylene as an example) are rapidly recognized 
as "plastics" whereas the phenolic resin is a component in a material 
system and the identity of the phenolic resin within the system is not 
easily identified as "plastic". These systems consist of fiber reinforced 
composites, honeycomb paneling, electrical Iaminates, acid resistant 
coatings, wood panels, glass fiber or rock wool insulation. Phenolic 
resin identity is hidden and has little consumer recognition or identity. 
The apparent hidden but security/comfort aspect of phenolic resins is 
best illustrated by considering the use of phenolic resin as hinder in 
friction linings or automobile brakes. Although there are as many as 30 
components including phenolic resin hinder in the brake formulation, 
phenolic resin is the preferred bin der in this "life or death'' application. 
During the braking operation, the kinetic energy of the vehicle is largely 
converted into heat; peak temperatures of greater that 800 oc occur at 
the surface of the brake lining, depending on the stress and type of 
vehicle. Through the analyses of various bonding functions ( temporary, 
complementary, carbon forming and chemically reactive) the perfor­
mance of phenolic resin as the preeminent hinder for the automobile 
brake is best described. lt maintains the integrity of the brake system. 

The main objective of this publication is to familiarize the reader 
with phenolic resins by describing in more detail the subject of 
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phenolic resins than the previous publications: A. Knop and Scheib, 
"Chemistry and Application of Phenolic Resins" (1979); and A. Knop 
and L.A. Pilato, "Phenolic Resins, Chemistry,Applications and Perfor­
mance - Future Directions" (1985). The title of this current publica­
tion is deliberately long and is due to the authors' attempt to broaden 
the scope of phenolics beyond the achievements of the earlier books. 

For those acquainted with phenolic resins, they will appreciate the 
novel approach to identify the role of phenolic resins as adhesives 
by considering SIX functions to illustrate the binding versatility of 
phenolic resins. For those less familiar readers, their introduction to 
phenolic resins will be rewarding since they will encounter raw 
materials, chemistry, reactions, mechanisms and resin production in 
the beginning of the book. The chemical portion is based on current 
scientific publications. The applications areas and the phenolic resins 
used in these market areas are extensively illustrated and described. 

Once both neophyte and veteran complete the chemistry and six 
bonding functions segments, comparison of phenolic resins with 
other thermosetting resins as well as thermoplastic resins are des­
cribed in which both filled and unfilled resin systems are compared. 
These camparisans provide ample evidence for the superiority of 
phenolic resins with many of the competitive thermosetting and 
thermoplastic resins. Prominent features of phenolic resins are: 

1. Excellent thermal behavior 
2. High strength level 
3. Long term thermal and mechanical stability 
4. Excellent fire, smoke, and low toxicity characteristics 
5. Excellent electrical and thermal insulating capabilities 
6. Excellent cost performance characteristics 

These criteria provide an entry into many application areas which 
utilize phenolic resins along with the appropriate bonding function. In 
each application area the final product which combines phenolic resin 
with other components exhibits the necessary performance characte­
ristics of the intended application. By considering the type ofbonding 
function (permanent, temporary, complementary, etc.) and the role of 
the phenolic resin in the commercial product, it allows one to examine 
critically the fundamental aspects that are responsible in the success­
ful design and performance of the resulting product. It is possible that 
the bonding function(s) coupled to new phenolic resin mechanistic 
perceptions and new analytical techniques may stimulate or challenge 
the reader to develop improved products/processes. 

The timing of the section related to standardization and certifica­
tion is opportune. Currently standardization of phenolic based 
electrical Iaminates and molding compounds is encountering con­
siderable change and is becoming even more international or global 
in nature. An extensive ISO and CEN system of test methods for 
phenolic resins now exists and of great importance for purposes of 
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ISO 9001 ff certification, European standardization and globalization 
of plastics production and application. It is discussed in detail. 

The chemical industry and resin manufacturers remain vigilant in 
their endeavors to provide environmental and worker safety. Enhance­
ment of worker safety and related environment is a continuing activity 
of both resin manufacturer and resin processor. Continued reduction 
of residual monomers to very low levels, accelerated changes of solvent 
based systems to aqueous types, environmentally friendly resins, melt 
processing... are evergreen activities ensuring collaborative efforts 
between resin manufacturer and resin processor. Recycling, renewable 
raw materials, and future development guidelines for phenolic resins 
are discussed. 

With technical advice, brochures, photos and drawings, numerous 
experts and business associates in the USA and FRG have greatly aided 
us in expanding our level of knowledge. Corporate management of 
Bakelite AG, Iserlohn, and company employees in the development 
and application research, analytical and environmental technology 
departments as well as in the business areas of phenolic resins 
and molding compounds have joined in the development of this new 
reference work with many comments and suggestions. We would like 
to extend our warmest thanks to all of them. 

August 1999 Arno Gardziella, Louis A. Pilato, Andre Knop 
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CHAPTER 1 

Raw Materials 

According to ISO 10 082 phenolic resins are obtained by the reaction of phenols 
with aldehydes. Both parent compounds, phenol and formaldehyde, are by far 
the most important components in commercial phenolic resin production. 

1.1 
Phenols 

Phenols are a family of aromatic compounds with the hydroxyl group bonded 
directly to the aromatic nucleus. They differ from alcohols in that they behave 
like weak acids and dissolve readily in aqueous sodium hydroxide, but are 
insoluble in aqueous sodium carbonate. Phenols are colorless solids with the 
exception of some liquid alkylphenols. Selected physical properties of phenols 
are listed in Table 1.1. 

Table 1.1. Physical properties of phenols [ 1-6] 

Name MW MP°C BP°C pK.25°C 

Phenol hydroxybenzene 94.1 40.9 181.8 10.00 
o-Cresol 1-methyl-2-hydroxybenzene 108.1 30.9 191.0 10.33 
m-Cresol 1-methyl-3-hydroxybenzene 108.1 12.2 202.2 10.10 
p-Cresol 1-methyl-4-hydroxybenzene 108.1 34.7 201.9 10.28 
p-tert Butylphenol 1-tert-butyl-4-hydroxybenzene 150.2 98.4 239.7 10.25 
p-tert Octylphenol 1-tert-octyl-4-hydroxybenzene 206.3 85 290 
p-tert Nonylphenol 1-nonyl-4-hydroxybenzene 220.2 295 
2,3-Xylenol 1,2-dimethyl-3-hydroxybenzene 122.2 75.0 218.0 10.51 
2,4-Xylenol 1,3-dimethyl-4-hydroxybenzene 122.2 27.0 211.5 10.60 
2,5-Xylenol 1,4-dimethyl-2-hydroxybenzene 122.2 74.5 211.5 10.40 
2,6-Xylenol 1 ,3-dimethyl-2-hydroxybenzene 122.2 49.0 212.0 10.62 
3,4-Xylenol 1,2-dimethyl-4-hydroxybenzene 122.2 62.5 226.0 10.36 
3,5-Xylenol 1,3-dimethyl-5-hydroxybenzene 122.2 63.2 219.5 10.20 
Resorcinol 1 ,3-dihydroxybenzene 110.1 110.8 281.0 
Bisphenol-A 2,2-bis( 4-hydroxyphenyl)propane 228.3 157.3 
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Table 1.2. Physical properties of phenol [2, 5, 7] 

CAS registration number 
EG registration number 
MW 
MP/BP 
Relative density 20 ac 
Dissociation constant in water 20 ac 
Flashpoint (DIN 51758) 
Ignition temperature (DIN 51794) 
Explosion limits LEL/UEL 
Vapor pressure 20 °C 
MAKlimit 
OSHAPEL 

1.1.1 
Physical Properties of Phenol 

108-95-2 
604-001-00-2 
94.11 
40.9/181.7 oc 
1.071 
1.28 X 10-IO 

81°C 
595°C 
1.7%/8.6% 
0.02 kPa 
19 mg/m3/5 ppm 
TWA5ppm 

The melting point of pure phenol ( 40.9 oq is lowered considerahly hy traces of 
water - approximately 0.4 oc per 0.1 o/o of water content; over 6 o/o renders it 
liquid at room temperature.A mixture with 10% ofwater is called phenolum 
liquefactum which is mostly used in industrial resin production. Phenol forms 
azeotropic mixtures with water. In the temperature range up to 68.4 oc its 
miscihility with water is limited; ahove this temperature it is completely 
miscihle. 

In the solid state phenol is colorless. When exposed to air it rapidly turns 
pink if it contains impurities, in particular iron or copper, from the production 
process or storage. Phenol is highly toxic and exposure limits have to he strictly 
controlled. Personnel who handle phenol should wear protective clothing, 
safety glasses and ruhher gloves. Selected properties of phenol are presented 
in Tahle 1.2; more information on toxicology and risk assessment [7 -11] is 
presented in Chap. 8. 

1.1.2 
Supply and Use of Phenol 

The largest use of phenol is the production of phenol-formaldehyde resins and 
hisphenol-A (polycarhonate and epoxide resins), followed hy cyclohexanone 
( caprolactam), aniline (MDI), 2,6-xylenol (PPO) and alkylphenols (Tahle 1.3 ). 

In 1997, only ahout 2 o/o of the world production of phenolwas derived from 
coal. Among the synthetic processes, the cumene process is hy far the most 
prevalent. 

In 1997, the world-wide phenol capacities amounted to 5.4 million tonnes 
(USA 2.0 million tonnes, West Europe 1.8 million tonnes, Asia 1.4 million 
tonnes) (Tahle 1.4). Actual world production was ahout 5.0 million tonnes. 
Capacity and demand are predicted to he in halance hy around 1999 (opera­
tion rate 100%). 



Table 1.3. Breakdown of 
phenol consumption 1997 

Table 1.4. Majorphenol 
producers in the world 

1.1.3 

1.1 Phenols 

% USA West-Europe Japan 

Phenolic resins 35 28 30 
Bisphenol-A 35 26 38 
Caprolactam 17 31 
Aniline 3 15 
Alkylphenols 5 4 3 
Others 5 11 14 

Company Capacity in thousands 
oftonnes 

Phenolchemie 775 
Allied Signal 405 
Enichem 390 
Shell Chemical 320 
General Electric/Mt. Vernon 315 
Aristech 290 
Georgia Gulf 275 
Dow Chemical 250 
Mitsui Toatsu 200 
Chiba Phenol 200 
Mitsui Petrochemical 190 
Mitsubishi Petrochemical 180 
Ertisa 160 
Rhone-Poulenc 150 
Nippon Steell Chemical 120 
Rhodia 120 
Taiwan Prosperity Chem. 100 
Kumho Shell 100 
Dsm 100 

Worldwide total 5400 

Phenol Production Processes 

5 

The cumene process (Figs. 1.1 and 1.2) is by far the most important industrial 
process for the production of phenol and accounts for more than 95% of the 
production capacity. The phenol synthesis based on cumene was discovered by 
Hock and Lang [12] in Germany where the firstpilotplant was constructed 
jointly by Rütgerswerke and Bergwersksgesellschaft Hibernia with Hock's 
assistance soon after World War II. 

1.1.3.1 
Cumene Oxidation (Hock Process) 

Cumene [13] (isopropylbenzene), produced by alkylation of benzene with 
propylene according to the reaction at Eq. (1.1) over a solid phosphoric acid 
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Oxidation 
Waste Gases 

Treatment 

Cumene 

Distillation 

Acetophenone Phenol 

Acetophenone High-Boiling 
Residue 

Cumene 

Phenol 

Goncentration 

Acetone 

Cleavage 

t 
Waste Water 

Treatment 

a-Methyl­
styrene 

Fig. 1.1. Cumene process flow diagram. (Drawing: Phenolchemie, D-45966 Gladbeck) 
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Fig. 1.2. Phenolchemie's new 200,000 tonnes per year phenol plant in Antwerp, which came 
on-stream in 1993 

catalyst (UOP Process), is oxidized in the liquid phase to cumene hydro­
peroxide (CHP) according to the reaction at Eq. (1.2). CHP decomposes to 
phenol and acetone very rapidly under acidic conditions and elevated tem­
peratures in a mechanism shown at Eq. (1.3) as postulated by Seubold and 
Vaugham [14]. 

0+ Phosphoric acid (1.1) 

Benzene Propylene 

(1.2) 

Cumene hydroperoxide CHP 



8 1 Raw Materials 

e 
CHP~ 

-H:P 

-

-e e 
10 H3C-C-CH3 

I I 
H3C-C-CH3 0 

6--~- 6 
0 
II (t) 

+ H3C-C-CH3 + H 

Phenol Acetone 

(1.3) 

In the commercial process, cumene is oxidized with air to CHP {95% yield) 
which is concentrated and cleaved in presence of an acidic catalyst at high 
efficiency (99%) to phenol and acetone. The catalyst is removed and the reac­
tion mixture fractionated. By-products of the oxidation are acetophenone and 
dimethyl benzyl alcohol (DMBA). DMBA is dehydrated in the cleavage reaction 
to alpha- methylstyrene (AMS), which may be hydrogenated to cumene and 
recycled for oxidation or optionally recovered as a pure product (Table 1.5). 
Acetone and phenol are purified by distillation. With AMS hydrogenation, 
1.31 tonnes of cumene will produce 1 tonne of phenol and 0.615 tonnes of 
acetone. 

Safety is a critical aspect in designing and operating a phenol plant. The 
oxidation occurs close to the flammability limit. CHP is an unstable material 
which can violently decompose under certain conditions. 

1.1.3.2 
Toluene Oxidation Process 

A two-step oxidation process based on toluene was developed by Dow Chemi­
cal. In the first stage, toluene is oxidized in the liquid phase with atmospheric 
oxygen in the presence of a cobalt catalyst to benzoic acid and a variety of 
by-products. In the second step, the benzoic acid is decarboxylated in the 

Table 1.5. Commercial 
phenol quality Phenol o/o 

Cresols ppm 
Benzofurane and methylbenzofurane ppm 
Methylstyrene and cumene ppm 
Acetophenone ppm 
Magnesium ppm 
Copper ppm 
Cobalt ppm 

99.9 

20-300 
50 
5 
3 
0.05 
0.01 
0.01 
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presence of air and a copper catalyst to produce phenol (Eq. 1.4). The overall 
yield of phenol from benzoic acid is around 88 o/o. 

CH3 

6 + 1,50, 

Toluene 

COOH 

140°C /3 bar 6'.::::: (+ H O) 
(Co) o 2 (1.4) 

Benzoic acid 

This process has been carried out in four industrial plants (ab out 4 o/o of the 
total world wide phenol production), the latest being constructed in Japan by 
Nippon Steel Chemical in 1991 (120,000 tonnes per year). 

1.1.3.3 
Nitrous Oxide Oxidation of Benzene 

A new one-step route that produces phenol directly from benzene has been 
jointly developed by Monsanto and Boreskov Institute of Catalysis (BIC, 
Novoibirsk, Siberia). The method involves nitrous oxide wastestream (from 
Monsanto's adipic acid production via oxidation of cyclohexane) as the oxidant 
for phenol preparation. Instead of disposing of the nitrous oxide by incinera­
tion, the novel catalysis scheme developed by BIC eliminates costly nitrous 
oxide disposal and generates a feedstock, phenol, at little cost. Successful pilot 
plant testing of the process has prompted Monsanto to commercialize the 
process by the year 2000 in their Pensacola, FL facility. 

1.1.3.4 
Other Synthesis Processes 

Several other synthesis processes (listed below) have no commercial impor­
tance: 

- Chlorination of benzene and alkaline hydrolysis of chlorobenzene 
- Chlorination of benzene and steam hydrolysis of chlorobenzene ( Rasehig 

process, Raschig-Hooker and Gulf oxychlorination process) 
- Sulfonation of benzene and benzenesulfonate decomposition in molten 

sodium hydroxide to sodium phenolate (A. Wurtz and A. Kekule) 
- Cyclohexene conversion to cyclohexanol-cyclohexanone mixtures followed 

by dehydrogenation to phenol (Mitsui Petrochemical1989) 

1.1.4 
Alkylphenols 

Alkylphenols are phenol derivatives wherein one or more of the ring hydro­
gens have been replaced by an alkyl group. Monomethyl derivatives of phenol 
(hydroxy derivatives of toluene) are commonly designated as cresols, di-
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methyl derivatives as xylenols. Like phenol, they are typically solids at 25 oc 
(Table 1.1). The solubility of alkylphenols in water decreases with the number 
of carbons attached to the ring; on the other hand, the solubility in hydro­
carbons increases. The solubility of alkali phenolates depends on the position 
of the alkyl group. The position of the alkyl group also strongly influences the 
reactivity towards formaldehyde. The main synthetic pathway to alkylphenols 
is the alkylation of phenols with alkenes by use of an acidic catalyst, generally 
a sulfonic acid or aluminum catalyst. Judicious choice of catalyst and reaction 
conditions allows some control over selectivity and the amount ofby-products 
and waste. 

In general, pure compounds are not necessary for resin production. Thus 
for higher alkylphenols simple batch reactors similar to those for resin pro­
duction, preferably operating under pressure, are satisfactory. Phenol is loaded 
first, then the catalyst is added. The alkene is added at such a ratethat the reac­
tor's heat removal capability is not exceeded and the desired reaction tempe­
rature is maintained as the selectivity is greatly affected by temperature. 
Monoalkylation is favored by high phenol excess. 

Purification, if necessary, is performed by multiple distillation. Raw 
material costs make up 50- 80 o/o of the total manufacturing costs. 

In general, the use of alkylphenols for resin application is decreasing 
because of their high er costs and stronger odor compared to phenol. 

1.1.4.1 
Methylphenols 

Cresols exist as three isomers depending on the position of the methyl group 
in relation to the hydroxyl group, designated as ortho, meta or para. Locants or 
substituents located in positions relative to the hydroxyl group, i. e., methyl 
groups, are used for designation of dimethyl as phenols xylenols. In the past, 
coal tar was the main source of cresols and xylenols. Today, synthesis process­
es [15] based on toluene and/or phenol predominate for cresols. The use of 
xylenols is very limited and decreasing. The main industrial routes to cresols 
are the alkylation with propylene followed by splitting of the hydroperoxide, 
and the chlorination process. 

The chlorination of toluene with Cl2 is performed at about 30 °C with 
FeC13/S2Cl2 as catalyst. The isomerk mixture obtained is hydrolyzed with 
NaOH at 280-300 bar pressure and 390°C yielding mainly the meta isomer 
(around 50%) with an approximately equal ortho and para content (2: 1: 1). 
A difficult to separate m-lp- mixture is obtained after o-cresol is removed by 
distillation. If pure m-cresol is desired, the chlorotoluene fraction is separated 
first and the o-chlorotoluene hydrolyzed later. 

Chemistry and technology of toluene alkylation are similar to the cumene 
process. Toluene is reacted with propylene in the presence of A1Cl3 or other 
Friedel-Crafts catalysts at 60-80 oc to obtain a mixture of cymenes (Eq. 1.5) 
with a m-/p- ratio of about 2: 1 and less then 5 o/o of o-cymene. About a 
63 o/o m-, 32 o/o p- and, 5 o/o o-cymene mixture is then oxidized with air to the 
hydroperoxide (20% conversion only) and then split in acidic medium to 
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+ 
Catalyst Oxidation 

(1.5) 

Toluene Propylene 

CH3 

~eH, 
H3C OOH 

(1.6) 

Cymene hydroperoxide m-Cresol Acetone 

cresols and acetone (Eq.1.6) and a variety ofby-products. Two plants in Japan 
are operated by this process (Mitsui Petrochemical and Sumitomo Chemical). 

The phenol route is based on alkylation of phenol with methanol either in 
the gas phase (Koppers, Pitt-Consol, Croda) or in the liquid phase (Chemische 
Werke Lowi, UK-Wesseling). In the gas phase process, methanol and phenol 
vapors pass over an aluminum oxide catalyst at approximately 350 oc under 
moderate pressure. Mainly o-cresol and 2,6-xylenol are obtained. If 2,6-xylenol 
is desired as the main product (for PPO production), magnesium oxide is 
employed as catalyst. In the liquid phase reaction, performed at 300- 350 oc and 
40- 60 bar pressure, aluminum methylate or zinc bromide is used as catalyst. 
Main product is o-cresol. A synthesis process for 3,5-xylenol based on iso­
phorone was developed by Rütgers AG. 

For the separation of m- and p-cresols, special methods are required due to 
their similar boiling points. By heating a m-/p-cresol mixture with urea and 
cooling afterwards, a crystalline addition compound of m-cresol and urea is 
obtained (urea process). 

Furthermore, p-cresol when gently heated to 90 oc forms a crystalline addi­
tion compound with anhydrous oxalic acid. Chemical processes are based 
on the different reaction rates during sulfonation (sulfuric acid process) or 
alkylation (isobutylene process). 

In the phenolic resin area, cresols are used for the production of coatings, 
resins for electricallaminates, and antioxidants. High purity novolaks based 
on o-cresol and m- and p-cresol are used in photoresist areas and for the pro­
duction of electronic grade epoxide resins. 

1.1.4.2 
Higher Alkylphenols 

The. important members among the higher alkylphenol family for resin pro­
duction are the para-derivatives, p-tert-butylphenol, p-tert-octylphenol and 
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p-nonylphenol. They are used for antioxidants, rubber crosslinking agents, 
adhesives, coating resins, printing inks, carbonless paper chemicals, and oil 
field demulsifiers among others. 

p-tert-Butylphenol is prepared from phenol and butylene, which is mainly 
produced by dehydration of tert-butyl alcohol or cracking of methyl tert-butyl 
ether (MTBE). Technical grade p-tert-butylphenol is used for resin application 
which accounts for 60-70% of the total consumption. Disobutylene is used for 
p-octylphenol production and nonene for p-nonylphenol. 

1.1.5 
Phenols from Coal and Mineral Oil 

An average of approximately 1.5% crude phenols, mainly phenol (0.5%) as 
weil as o-, m-, and p-cresol, 2,3-, 2,4-, 2,5-, 2,6- and 3,5-dimethylphenol, is 
found in coal tar. Their extraction from a coal tar fraction [16] is performed 
with dilute sodium hydroxide (8-12%). Pyridinebasesand hydrocarbons are 
removed from the phenoxide solution by steam distillation and the phenols 
precipitated with carbon dioxide. They are extracted with diisopropylether 
and separated by distillation and crystallization. 

Phenols are further obtained from condensates of coke oven gases and 
waste waters of coal gasification plants. The extraction is performed with 
benzene/sodium hydroxide (Pott-Hilgenstock process [17]) or with diiso­
propylether (Lurgi's Phenosolvan process [18]). 

Hydrocarbon Research Inc. developed a two-step process [19] to convert 
lignin to phenols and benzene. Lignin is first depolymerized by hydrocracking 
in a fluidized bed reactor, and the resulting aromatic mixture is dealkylated to 
phenol and benzene. 

Low rank coal can be depolymerized [20] to phenols using acidic catalysts 
(phenol/BFrcomplex or p-toluenesulfonic acid). 

A further source of phenols is the petroleum industry. During the catalytic 
cracking process, various phenolic compounds are formed. They are extracted 
from the bottoms with aqueous sodium hydroxide and recovered by precipi­
tation with carbon dioxide. Separation and purification is conducted by distil­
lation and other methods. 

1.1.6 
Resorcinol 

Resorcinol (1,3-dihydroxybenzene) as a dihydric benzene exhibits a very high 
reaction rate towards formaldehyde compared to phenol. The primary market 
area is the rubber industry (over 50%). Resorcinal-formaldehyde condensates 
enhance the adhesion between tire cord and rubber. In structural wood ad­
hesives resorcinol increases the curing rate and allows eure at ambient tem­
perature. On the other hand, its use is limited because of the high cost. 

Resorcinol [21] is obtained from benzene by sulfonation (Indspec Chemical 
Corp.) or alkylation with propene (Mitsui Petrochemical, Sumitomo Chem-
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ical). It is produced only in a few specialized plants. World production is in the 
range of 40,000 tonnes per year. 

& 
OH 

0+ 803 
H2S04 NaOH () 2 (1.7) 

-H20 
S03H OH 

Benzene Benzene disulfonic acid Resorcinol 

In the sulfonation process, benzene is converted to 1,3-benzene disulfonic 
acid with sulfur trioxide at 150 oc. The sulfonation product, benzene-1 ,3-di­
sulfonate, is neutralized with sodium hydroxide or sodium sulfite, dried and 
fused with sodium hydroxide at 350 oc (Eq. 1.7). Disodium resorcinate is dis­
solved in water and neutralized with sulfuric acid to give resorcinol. Finally, 
resorcinol is extracted with diisopropylether and purified by distillation. 

The alkylation process of benzene with propene is performed in two plants 
in Japan. Chemically, the process (Eq. 1.8) corresponds to the Hock process for 
the production of phenol. The alkylate, which is made in a liquid phase using 
an AlClrHCl complex as catalyst, is subjected to isomerization/transalkyla­
tion. The mixture is separated in three fractions, the m-diisopropylbenzene 
fraction is oxidized in an aqueous alkaline medium with compressed air at 
about 100 oc in a cascade reactor. The conversion is in the range of 20%. The 
heterogeneaus oxidate is subjected to phase separation, the hydroperoxide 
crystallized, dissolved in acetone and fed to the cleavage reactor. Final puri­
fication is performed by distillation. The overall process yield is 75% based on 
benzene. Very high safety standards are necessary in the plant. 

1.1.7 
Bisphenoi-A 

Bisphenol-A, 2,2-bis( 4-hydroxyphenyl) propane (BPA), is used for the produc­
tion of colorless resins, e.g., for coating resins. In the newer commercial BPA 
production processes [22], acetone and phenol in excess are reacted in pres­
ence of a cation exchange resin catalyst. The reaction mixture is separated by 
distillation and the crude product containing BPA, phenol, and impurities 
transferred to a crystallizer. Separated crystals are washed with pure phenol, 
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then melted and sent to the prilling tower. Polycarbonate and epoxy grade BPA 
can be produced in this way. 

Older processes use sulfuric acid as catalyst and thioglycolic acid or 
mercaptans as promoters. Iron and 2.4-BPA isomer content are critical for the 
color of the resins obtained. 

1.2 
Aldehydes 

Formaldehyde is practically the only carbonyl component used in the synthesis 
of industrial phenolic resins. Special resins are made with other aldehydes, e. g., 
acetaldehyde, butyraldehyde, furfural, glyoxal, or benzaldehyde, but these have 
not achieved much commercial importance. Ketones are also rarely used. Phy­
sical properties of some aldehydes [ 23- 25] are compiled in Table 1.6. 

1.2.1 
Formaldehyde 

Formaldehyde, the first of the series of aliphatic aldehydes, was discovered in 
1859 by Butlerov and has been manufactured on a commercial scale since the 
beginning of the twentieth century. Because of its variety of chemical reactions 
[26, 27] and relatively low cost (basically reflecting the cost of methanol) it has 
become one of the most important industrial chemicals. Formaldehyde is a 
hazardous chemical [7-11]. It causes eye, upper respiratory tract, and skin 
irritation. Significant eye, nose, and throat irritation does not generally occur 
until concentration Ievels of 1 ppm. EPA has classified formaldehyde as a 
"probable human carcinogen" (group B) under its Guidelines for Carcinogen 
Risk Assessment [28]. However, no evidence exists for identifying formalde­
hyde as a "probable human carcinogen" (group B). Facilities that manufacture 
or consume formaldehyde must strictly control workers exposure following 
workplace exposure limits. Furtherinformation on toxicology and risk assess­
ment of formaldehyde is covered in Chap. 8. 

Table 1.6. Physical properties of some aldehydes [23-25] 

Type Formula MP°C BP°C 

Formaldehyde CH2=0 -92 -21 
Acetaldehyde CH3CH=O -123 20.8 
Propionaldehyde CH3-CHrCH=O -81 48.8 
n-Butyraldehyde CH3(CH2)z-CH=O -97 74.7 
Isobutyraldehyde (CH3) 2CH-CH=O -65 61 
Glyoxal O=CH-CH=O 15 50.4 

HC-CH 
!? ~ H 

Furfural HC C-C=O -31 162 
"o/ 



Table 1.7. Physical properties 
of formaldehyde [ 8, 23, 24] CAS registration number 

EG registration number 
MAK!imit 
OSHASTEL 
MW 
MP/BP 
Dissociation constant, H20 at 0/50 oc 
Flash point, 40% solution 
Explosion Iimits LEL/UEL 
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50-00-0 
605-002-01-2 
0.5 ppm 
2ppm 
30.03 
-19.2/118°C 
1.4 X 1Q-14f3.3 X 10-13 

60°C 
7%/73% 

At ordinary temperatures, formaldehyde is a colorless gas with a pungent 
odor. Physical properties are shown in Table 1.7. lt is highly reactive and com­
monly handled in aqueous solutions containing variable amounts of methanol 
where it forms predominantly adducts with the solvent [26, 27], i.e., equili­
brium mixtures of methylene glycol (Eq. 1.9), polyoxymethylene glycols 
(Eq.l.lO), and hemiformals of these glycols with methanol (Eq. 1.11). Even in 
concentrated solutions the content of nonhydrated HCHO is very small (less 
then 0.04%). MWD of the oligomers was investigated by NMR [29] and GPC 
techniques. Chemical equilibria of polyoxymethylene glycol formation in 
formaldehyde solutions in water (and D20) and of polyoxymethylene hemi­
formal formation in methanolic formaldehyde solution was examined by 
1H and 13C NMR spectroscopy [29]. For similar formaldehyde concentration, 
the chain length of formaldehyde oligomeric products in aqueous solution is 
larger than in methanol solution. This fact explains why precipitation of solids 
(long chain oligomer) occurs at a lower overall formaldehyde concentration in 
aqueous solutions than in methanol solution and why solid precipitation from 
aqueous formaldehyde solution can be avoided by adding methanol. Further­
more with increasing temperature, the average chain length decreases in solu­
tion whereas in methanolic formaldehyde solution temperature has a negli­
gible effect on chain length. 

In acidic solutions, hemiacetals react to acetals by elimination of water. 

HO-CH2-0H 

HO-(CH2-0)n-CH2-0H 

(1.9) 

(1.10) 

(1.11) 

With the action of basic catalysts, formaldehyde easily undergoes a dispro­
portionation reaction to methanol and formic acid, known as the Cannizzaro 
reaction (Eq. 1.12). 

A surprising development related to the Cannizzaro reaction was reported 
by Ashby and coworkers [30]. The Ashby group showed that formaldehyde 
reacts with NaOH (Cannizzaro conditions) to yield formic acid and hydrogen 
quantitatively. Typically, conditions exist in which both hydrogen formation, 
and classical Cannizzaro reaction proceed simultaneously. This is far different 
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to the report of Loew in 1887 suggesting a very small quantity of hydrogen 
as being formed in the Cannizzaro reaction. Ashby showed that the reaction 
of 4 moll-1 NaOH with 15 mmoll-1 formaldehyde resulted in the formation 
of hydrogen from 31 o/o of formaldehyde, the remainder going to normal 
Cannizzaro products. Chrisope and Rogers [ 31] point out that with only 
0.5 moll-1 NaOH, 20 mmoll-1 formaldehyde solution can be converted into 
1-2% hydrogen and the remainder into Cannizzaro products. Depending on 
ratio of NaOH to formaldehyde, it is possible to generate some hydrogen 
resulting in potentially hazardous conditions. 

Depending on manufacture and storage, formaldehyde solutions always 
contain trace amounts offormic acid (around 0.05%). 

/? 
~ CH30H + HaC-q (1.12) 

ONa 

With concentrations ranging from 37 to 56, wt%, aqueous formalde­
hyde solutions used normally in resin production are unstable. Both 
formic acid and paraformaldehyde formation depend on temperature, 
time, and metallic ions (iron) concentration. Low temperature storage lowers 
the formic acid formation rate, but increases the tendency towards para­
formaldehyde precipitation. Commercial formaldehyde grades are there­
fore stabilized with various amounts of methanol up to 15%. Other stabilizers 
include methyl- and ethylcelluloses, polyvinylalcohol or isophthalobis­
guanamine at concentrations from 10 to 1000 ppm. Storage containers 
should be of stainless steel; iron containers are not suitable. Containers with 
plastic linings or made from reinforced plastics may also be used. Higher 
than 50% solutions of formaldehyde are obtained by addition of para­
formaldehyde. 

1.2.2 
Production and Economics of Formaldehyde 

Worldwide, most phenolic resin producers without a captive phenol source 
very often have their own formaldehyde production. Access to formaldehyde 
and low cost methanol is a very important competitive factor. About 90% of 
the methanol produced is based on natural gas as feedstock. Others include 
naphtha, heavier oil fractions and coal. Naturalgas cost is the most signifi­
cant factor besides plant size (capital charges) in siting a plant at a specific 
location [32, 33]. For example comparing a 200,000 tonnes per year methanol 
plant in the Middle East and Germany, gas and energy costs in the Middle East 
account for about 10% of the total methanol production cost, in Germany 
about 40 o/o. 

Competitive sizes of newer plants are in the range of 700,000 tonnes per 
year leading to a cost decrease of ab out 20% compared to a 200,000 tonnes per 
year plant ( German cost situation 1995). 
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Methanol process [34] consists of three main sections, synthesis gas prep­
aration, methanol synthesis and methanol purification. Because of extensive 
heat recovery and recycle streams, there is a considerable interaction between 
the three. The principal, highly exotherrnie synthesis reactions are as follows: 

(1.13) 

(1.14) 

All methanol synthesis processes employ a synthesis loop to overcome 
equilibrium conversion limitations at typical catalyst operating conditions. 
The high pressure process was rendered obsolete when ICI in the United King­
dom and Lurgi in Germany developed a highly active and selective copper­
zinc-alumina catalyst. The resulting low pressure process [35] dominates the 
methanol production. Four basic reactor types are in use, quench converter, 
multiple adiabatic, tube-cooled, and steam-raising converter. Crude methanol 
is purified by conventional distillation with one to three towers depending on 
purity required. 

Sufficient quantities of methanol should be available according to a market 
study [36] shown in Table 1.8. Over the next years, the aggregate average 
demand growth is expected tobe 3.7%. Due to new plant additions underway 
for Trinidad, Chile, and Qatar, lower methanol plant utilization rates are fore­
cast. On the other hand, consolidation has occurred in the market. One global 
supplier has access to almost 25 o/o of the total production and handles nearly 
50% of the merchant market. Other sources [37] are more critical concerning 
the realization of announced new plants and estimate operation rates over 
90 o/o with the continued strong growth over 20 o/o predicted for methyl tert­
butyl ether (MTBE) as federal clean air regulations in the US mandate the use 
of oxygenates in reformulated gasoline. 

The global formaldehyde production is expected to increase at a rate of 
2- 3 o/o per year. Formaldehyde production in the U.S. is more or less stable and 
the production in Southeast Asia is growing and offsets decreases in other 
parts of the world. The production of formaldehyde-based thermosetting 

fable 1.8. CMAI 1997 world 
Demand (in 1000 t) methanol analysis (thousand 1996 2000 Forecast 

metric tonnes) [36] 
Formaldehyde 9000 10,200 
MTBE/TAME 6700 7900 
Acetic acid 1620 2350 
Solvents 1000 1120 
Methyl methacrylate 770 840 
Gasoline 690 760 
DMT 340 380 
Others 4530 5370 
Total demand 24,650 28,920 
Total capacity 29,300 37,800 
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resins (phenol-, urea-, and melamine resins) accounts for about 60% of the 
total formaldehyde consumption. Other uses are for acetal resins, 1,4-butane­
diol, pentaerythritol, ethylene glycol, and methylene diisocyanate. 

There are two basic processes to produce aqueous formaldehyde [38] from 
methanol using either a silver or an iron oxide-molybdenum oxide catalyst. 

The silver catalyzed reaction occurs at essentially atmospheric pressure 
and 600-650 oc with two parallel reactions: 

(1.15) 

(1.16) 

In a typical silver catalyst process, the feed mixture is prepared below the 
flammability limit by sparging air into heated methanol and combining the 
vapor with steam. The mixture is sent through a superheater to the reactor 
equipped with a bed of silver crystals or layers of silver gauze. The product is 
rapidly cooled and fed to an absorption tower. The bulk of the methanol, 
formaldehyde, and water is condensed in the lower water cooled section of 
the absorber; the nearly complete removal of the remaining methanol and 
formaldehyde occurs in the top of the tower by countercurrent contact with 
clean process water. Absorber bottoms go to distillation where methanol is 
recovered and recycled to the reactor. The base stream from distillation, an 
aqueous solution of formaldehyde, is usually sent to an anion exchange unit 
where the formic acid is reduced to specification. The product contains up to 
55% of formaldehyde and less then 1.5% of methanol. 

In new plants, however, the choice is mostly the metal oxide catalyzed pro­
cess. A typical flow scheme [39] is shown in Fig.1.3. The reaction is performed 
at essentially atmospheric pressure (0-6 psig) and around 300°C in a recircu­
lation loop. Vaporized methanol is mixed with air and recycle gas to be on the 
methanol lean side of a flammable mixture. It is preheated to ab out 250 oc 
and sent to the reactor. Methanol and oxygen react to formaldehyde in the 
tubes filled with an iron oxide-molybdenum oxide catalyst. Reaction heat is 
removed by an oil heat transfer medium. The reacted gas which exits the 
reactor at about 290 °C is cooled to 130 °C before entering the absorber. In the 
absorber, the formaldehyde is absorbed in water or urea solution. The metha­
nol conversion can be greater then 99% yielding a product with up to 55% 
formaldehyde and less then 1 % methanol. Formic acid is removed by ion 
exchange. The tail gas, essentially nitrogen and oxygen, with small amounts of 
methanol, formaldehyde, dimethyl ether, and carbon monoxide, is incinerated. 

The absence of a methanol recovery tower is an obvious advantage over the 
silver process. However, large capacity equipment is used to handle a greater 
flow of gas (three times greater). The metal oxide catalyst is moretolerant to 
trace contamination and requires less frequent changes compared to silver. 

There has been significant research activity to develop alternative routes 
to formaldehyde, but without commercial success. The direct oxidation of 
methane with air at 450 oc and 10-20 bar pressure on an aluminum phosphate 
catalyst should be mentioned among these processes. 
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Table 1.9. Properties of para­
formaldehyde [40] 

1.2.3 
Paraformaldehyde 

Content of formaldehyde 
Content of free water 
Specific weight 
Flashpoint 
Melting range 

90-97% 
0.2-4% 
1.2-1.3 glcm3 

71 oc 
120-170°C 

Paraformaldehyde is a white, solid low molecular weight polycondensation 
product of methylene glycol with the characteristic odor of formaldehyde. The 
degree of polymerization ranges between 10 and 100.1t is obtained by distilla­
tion of formaldehyde solutions under different conditions depending on tem­
perature, time, and pressure during distillation. Commercial grades contain 
up to 6% water (Table 1.9). 

Paraformaldehyde is seldom used in resin production because of high costs 
compared to aqueous formaldehyde solutions and severe problems with the 
high heat evolution during the start-up phase. Some possible reasons for its 
use in special instances areresins with high solids content or to avoid distilla­
tion of waste water. Paraformaldehyde can be used with acidic catalysts to eure 
novolak resins or to eure resorcinol prepolymers in cold setting structural 
wood adhesives. At low eure temperatures the separation of formaldehyde is 
tolerable, the reaction rate depends on the degree of polymerization. 

1.2.4 
Trioxane and Cyclic Formals 

Trioxane, a cyclic trimer of formaldehyde or methylene glycol, is a colorless 
solid (MP 62-64 °C, BP 115 oq and can be prepared by heating paraformalde­
hyde or a 60-65% formaldehyde solution in presence of 2% sulfuric acid. 

Trioxane Poly-oxymethylene Formaldehyde 

Trioxane can be used as a source of formaldehyde in prepolymer formation 
or as resin curing agent. Cyclic formals, 1 ,3-dioxolane, 4-phenyl-1 ,3-dioxolane, 
and 4-methyl-1,3-dioxolane, have been recommended [41] as curing agents 
for novolak resins and high-solids, low-pressure laminating systems, taking 
into account their action as solvent. 



Table 1.1 0. Physical pro­
perties ofHMTA [42] MW 

Relative density 

Behavior at heating 

Solubility in 100 g H20, 20/60°C 

1.2.5 
Hexamethylenetetramine 

1.2 Aldehydes 21 

140.2 

1.39 g!cm3 

sublimation at 
270-280°C 

87.4/84.4 g 

Hexamethylenetetramine, HMTA, is by far the most important compound to 
eure novolak type of resins. It is prepared from formaldehyde and ammonia 
according to Eq. (1.18): 

(1.18) 

In reverse, HMTA decomposes at elevated temperatures. In aqueous solu­
tion, HMTA is easily hydrolyzed to aminomethylated compounds and is often 
used as catalyst in the resole synthesis instead of ammonia. 

HMTA is quite soluble in water (Table 1.10), but less soluble in methanol or 
ethanol. The aqueous solution exhibits a weak alkaline action with a pH in the 
range 7-10. In powder form, HMTA is prone to dust explosions. It is ratedas a 
severe explosion hazard. 

1.2.6 
Other Aldehydes 

Like formaldehyde, acetaldehyde is a gas at ambient temperature (BP 20.8 oc). 
Acetaldehyde is miscible with water in all proportians and most common 
organic solvents. The liquid phase oxidation of ethylene is the process of 
choice for the manufacture of acetaldehyde (Wacker-Hoechst Process) using 
palladium and cupric chloride catalyst at 130 °C. It reacts with phenol at con­
siderably lower reaction rates as compared to formaldehyde. 

C3 through C11 aldehydes [23, 25] are highly flammable and explosive, 
colorless liquids with pungent odor. They are miscible with most organic 
solvents, e. g., acetone, ethanol, or toluene, but are only slightly soluble in water. 
Butyraldehyde is produced by oxo-reaction of propylene (Eq. 1.19). 

Higher aldehydes react with phenol at significantly slower rates compared 
to formaldehyde. The base catalyzed resole formation is not practical as higher 
aldehydes easily undergo aldol and Tischenko condensation and self-resinifi­
cation reactions. 

Acidic catalysts are preferred. In particular, non-transition metal phenates 
(Mg, Zn, or Al) are recommended [ 43] for the preparation of acetaldehyde-
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phenol novolak resins in an aprotic solvent medium (12 h/120 °C). Yields in 
excess of 90% with exclusive ortho substitution (Eq. 1.20) are reported. 

(1.20) 

The phenol reaction with higher aldehydes is in general performed under 
strong acidic conditions, preferably in a water-free system, by continuous alde­
hyde addition to the phenol melt. However, only acetaldehyde and butyralde­
hyde have gained limited commercial significance, e. g., in resins for ruhher 
modification, wood fiber binders, and antioxidants. The structure of novolak 
resins from acetaldehyde (Eq.1.21) correspond to those obtained bythe reac­
tion of acetylene with phenol and cyclohexylamine as catalyst: 

OH Q +CH3CHO 

C(CH3)s 

OH OH 

yH - HC=CH + () (1.21) 
CH3 y 

C(CH3)s n C(CH3)s 

The reaction of unsaturated aldehydes, acrolein and crotonaldehyde, with 
phenol in acidic medium was studied [44] by 13C NMR and GPC. The alkyla­
tion reaction via the double bond seems to be the dominant pathway. 
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CHAPTER 2 

Phenolic Resins: Chemistry, Reactions, Mechanism 

2.1 
lntroduction 

The chemistry of phenolic resins involves a variety of key factors which are 
critical in the design of the desired phenolic resin. These include: 

- Molar ratio of F to P 
- Mode of catalysis: acid, base, metal salt, enzyme 
- Liquid, solid, dispersion 
- Thermoplastic or thermosetting resin 

These low to medium Mw materials can be viewed as "reactive intermediates" 
which can be cured or can undergo many transformation reactions by appen­
ding new reactive groups to the phenolic hydroxyl substituent such as epoxy, 
allyl, cyanate, or form a new ring structure. 

The mechanism of resin preparation and eure are discussed by considering 
different eure conditions to arrive at a highly crosslinked, infusible structure. 

The perennial problern of phenolic brittleness and methods to alleviate or 
improve resin ductility will be discussed in conjunction with blend/alloy/IPN 
studies which suggest some improvement in ductility or reduced brittleness. 

The exotherrnie nature of reacting formaldehyde with phenol under acidic 
or basic conditions has resulted in "rare" uncontrollable reactions due to un­
known or unforeseen circumstances. Conditions that may lead to hazardous 
reactions by both modes of catalysis are mentioned and are to be avoided 
under all circumstances. 

2.2 
Chemistry 

The reaction of formaldehyde with phenol can lead to either a heat reactive resole 
or a stable novolak and is dependent upon the mode of catalysis and molar ratio 
of F to P. The chemistry of phenolic resins has been reviewed extensively [ 1-9]. 

A comparison of different catalysts that can be utilized in phenolic resin 
preparation is shown in Table 2.1. 

In describing the preparation of phenolic resins the mode of catalysis of the 
resulting resin dictates its overall property characteristics. Theseare summa­
rized in Table 2.1. Phenolic resins are obtained by step-growth polymeriza­
tion. Since the functionality of P and F varies according to stoichiometry and 
the latter is related to the type of resin (resole or novolak) it is important to 
determine functionality. Recently Shipp and Solomon [ 10] reported that the 



Base 

F/p;:: 1 
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(2.1) 

functionality of P in novolak is in the range of 1.49-1.72 and not 2.31 as 
reported by Drumm and us in our earlier book [ 1]. Functionality of F is 2. 
However functionality of P and F in resole is more complex where functio­
nality can be :s; 3 and formaldehyde never approaches a functionality of 2. 

2.2.1 
Resoie 

2.2.1.1 
Methylol Phenol(s) 

The simplest phenolic component that can eure into a phenolic resin is o- or 
p-methylol phenol. The reaction of P with Funder basic conditions is initially 
the addition of F to phenolate (Eq. 2.2) leading to o- and p-methylol phenol. 

A G 
V+OH ~ 

{2.2) 

Besides monomethylol phenols, some dimethylol phenols, and trimethylol 
phenol are formed. It is commonly referred to as the Lederer-Manasse reaction. 
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Preparation of o and p-methylol phenol have been examined using complexa­
tion via cyclodextrin [11, 12] or crown ether [13]. Komiyama investigated the 
base catalyzed reaction of P + F and sought to increase the amount of p-methylol 
phenol. The reaction usually leads to a 2: 1 ratio of p: o isomers (Eq. 2.3 ): 

NaOH - (2.3) 

Product selectivity is 60% but isolation of para isomer free of ortho is 
troublesome. Using ß-cyclodextrin, selectivity increased to 3: 1 with a 7 4% 
yield by introducing a concentration of 0.3 moll-1 ß-cyclodextrin. Mechanism 
of selective synthesis of para isomer is shown in Fig. 2.1 which locates pheno­
late anion in the ß-cyclodextrin cavity and a more facile approach of F from 
the bottom of the cavity to react with the para position of the phenolate. 
Approach of F to the ortho position is hindered by complexation of phenolate 
and ß-cyclodextrin. Increased selectivity of para over ortho was obtained with 
2-hydroxy propyl group on the bottom side of the cavity (Fig. 2.2). Use of 
0.6 equivalents of HP ß-cyclodextrin boosted the selectivity to 94%. 

Use of 18 crown 6 ether (Fig. 2.3) with P, paraform and NaOH leads to high 
selectivity of p-methylol phenol (to 88%). Presumably an analogous com­
plexed intermediate is formed with phenolate anion residing inside the crown 
ether cavity to facilitate the reaction of F to the para position. 

2.2.1.2 
Oligomerization 

Resoles are a mixture of methylol phenols, oligomers of varying -mer units and 
residual amounts of free phenol and formaldehyde. Depending on reaction 
conditions (molar ratio of F/P, catalyst concentration/type, and temperatures) 

Fig. 2.1. P + F in ß-cyclo­
dextrin cavity 
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Fig. 2.2. Use of 2-hydroxy 
propyl-ß-cyclodextrin 

Fig. 2.3. 18 Crown 6 ether 

t H, ,..H 
c 
II 
0 

(18 Crown 6 Ether) 

at low temperatures ( 60 °C} only addition of formaldehyde to phenol occurs. In 
a temperature range above 60 °C, condensation reactions of methylol phenols 
with phenol and/or methylol phenols occur and lead to prepolymer or the de­
sired resole resin (Eqs. 2.4, 2.5). 

Addition ( < 60 oq 

Base -pH>9 

OH 

~(CH20H)x 
X= 1-3 

(2.4) 
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Condensation ( 60 -100 °C} 

(2.5) 

The addition of formaldehyde to phenol results in the formation of several 
methylol phenol monomers (Fig. 2.4). Earlier studies [1] provided kinetic rate 
data for the formation of various methylolated monomers. Kinetic data was 
reported with either equimolar ratio of NaOH to P or NaOH/P ratio less than 
unity. Although these conditions established kinetic rate data for the appear­
ance of the various methylolated phenols (Table 2.2), some authors neglected 
to consider the role of deficient NaOH in their kinetic analyses since there are 
differences in acidity among the phenolic compounds ernerging during reac­
tion. This, in fact, is why there are differences in the relative values. In an 
attempt to remedy this, Higuchi et al. [14, 15] have developed a rate equation 
involving the concentration of hydroxide ion which changes with the change 
in reaction composition. By computer simulation and accounting for 
hydroxide ion concentration, fate of reactants (P and F) and products (five 
methylolated products, 2-6) as function of time can be described. Computer 
simulated reactions are shown in Figs. 2.5 and 2.6. Figure 2.5 shows F/P molar 
ratio of 2 and NaOH/P molar ratio of 0.05 with an initial P concentration of 

Fig. 2.4. Addition of formaldehyde to phenol 
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Table 2.2. Relative values of rate constants of methylolated products from reaction of P with F 

Reactions 

P+F ~ 2 
P+F ~ 3 
2+F ~ 5 
2+F ~ 4 
3+F ~ 4 
5+F ~ 6 
4+F ~ 6 

Researchers 

Freemanand Minamiand Zsavitsas and Eapen and 
Lewis (1954) Ando (1956) Beaulien (1967) Yeddanapalli (1968) 

1.00 1.00 1.00 1.00 
1.18 2.08 1.09 1.46 
1.66 1.08 1.98 1.70 
1.39 2.58 1.80 3.80 
0.71 0.83 0.79 1.02 
7.94 3.25 3.33 4.54 
1.73 1.25 1.67 1.76 

Simulation 
1,0 r---+-i--~--~--~-.... 

' ' 0,8 _______________ ! ________________ ! ________________ !""" _____________ ! _____ _ 
1 i ! [ 

F 1onsumed i i i 
0.6 ... .. ·····oor~"··· .. . ,..r····· .. ";~"·· .. ···r· 

6 
' ' ' ' -------- ----~- --------------- ~-- ----
' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' 

0,2 p 

5 
3 

0 P"t-_ _, __ -+--++--t-oo+-t._J 4;2 

0 100 200 300 400 

Reaction time (min) 
fig. 2.5. Computersimulation of F/P = 2, NaOH/P = 0.05 

3 mol/1 and conducted at 70 °C. After 400 min 95% F is consumed and yet over 
0.2 molar fraction of P remains with 6 being the major product (0.5 molar 
fraction). With similar F/P molar ratio of 2 and initial concentration of P 
(3 mol/1) but high er NaOH/P molar ratio of 0.4 and lower temperature of 60 °C 
within 150 min (Fig. 2.6), about 98% of Fis consumed, free phenol is lower 
(0.175 molar fraction) and 6 is lower (0.426 molar fraction). Higuchi's initial 
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Simulation 

0,8 
I I I I 1 

~onsuinption:of For~aldehyde 
: 86,~% : 94,6~o 9~,6% 

0,6 ----,---------;--- -----,--------,--------,-- --,--------

0,4 -- --

0,2 

0 
0 20 40 60 80 100 120 

Reaction time (min) 

Fig. 2.6. Computersimulation of F/P = 2, NaOH/P = 0.4 

6 

-- 4 
p 
3 
2 
5 

140 160 

study only considered methylolated products for comparison with early work 
and attempted to generate an "ideal resole" by computer simulation. Tempe­
ratures above 60 oc facilitate dimer, trimer formation. Higuchi is currently 
expanding his studies to include these oligomeric materials. Nevertheless 
computer simulation provides a method to simulate an "ideal resole" composi­
tion without many time-consuming resin preparations. 

In a series of publications, Grenier-Loustalot and coworkers [16-19] have 
examined resole resin preparation under controlled conditions: temperature, 
stoichiometry, catalyst and pH using a range of techniques such as HPLC, 
13C NMR, FTIR, UV, and chemical assay. By monitoring F disappearance and 

observing the appearance of methylolated monomers, dimers, trimers by 

using both HPLC and 13C NMR, they showed resole resin structure depends on 

reaction conditions. All known methylolated phenols (Fig. 2.4, structures 2-6) 
as well as many dimers and trimers were prepared and fully characterized 

unambiguously. The primary reaction sequence (Fig. 2.4) was examined by 
conducting the reaction with a pH of 8 (NaOH) at 60 oc and increasing molar 

ratio of F /P from 1 to 1.5 [ 16]. Appearance of various intermediate products is 

shown by HPLC characterization (Fig. 2.7) from 2 to 48 h reaction time. All the 
peaks for methylolated phenols (structures 2-6) are readily observed after 
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Ref. 

6 • Dimers 
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t=48 h 

t= 24h 

t=Sh 
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Retention Volume (ml) 
Fig. 2.7. HPLC characterization F/P = 1.5; column spherisorb ODS-2 (BishoffiCS+ ), 25 cm long, 
5 f.Uil particle size, mobile phase: methanoUwater 10/90 to 100/0 in 40 min 
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2-4 h; after 8 h trace amounts of condensation products (dimers) are barely 
detectable. After 48 h many dimer peaks are prominent besides monomers 
(structures 2-6). Using a low temperature of 60°C addition products are ob­
tained; even at low molar ratio of F/P some trimethylol phenol (structure 6) is 
obtained. Increasing the pH of the reaction medium at 60°C with F/P at 1.5, the 
amount of dimers increased significantly (HPLC) from pH 8 to 9.25 after 8 h; 
also residual phenol decreased from 42 o/o (pH 8) to 16% (pH 9.25). As dimers 
are formed, only o,p' and p,p' linkages are observed with no o,o' bridge. The 
methylene region is conveniently monitored by 13C NMR and distinguishes all 
three isomerk linkages. 

Alkali and alkaline metal hydroxides were evaluated [ 17] and included 
Group lA hydroxides: LiOH, NaOH, and KOH as well as Group IIA hydro­
xides: Mg(OH)z, Ca(OH)2 , and Ba(OH)2 under similar reaction conditions 
(F/P = 1.5, pH 8, 60 °C). The rate of F disappearance was related to ionic radius 
within family groups: Li > Na > K and Mg > Ca > Ba. Comparing all the cata­
lysts with the disappearance of F resulted in the following ranking: Mg > Ca > 
Ba > Li > Na > K. Authors propose that the ionic radius and hydrated cation 
account for the observed trend. 

Reacting separately each methylolated phenolic compound (structures 2-6 
in Fig 2.4) with an equimolar amount of F at 60 °C and a pH of 8 the reaction 
of each methylol phenolwas followed by HPLC and 13C NMR [18]. Compound 
2 with equimolar F led to competition between addition and condensation. A 
similar trendwas noted for 3 (Eq. 2.6): 

2 or 3 + F ~ 4,5,6(addition) + dimers (condensation) 
pHS 

(2.6) 

Analyses of the dimers indicated that dimers were common to both reac­
tions and were linked by p,p' methylene bridge. Dimer structures are: 

CH20H CH20H HOn hoH 
HOH2C I ° CH2MCH20H 

12 
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This was a surprising observation especially since compound 2 is ortho 
methylolated and should result in some ortho linkage. Thus regardless of 
initial substitution pattern of starting material (2 = ortho, 3 = para), the 
majority of condensation dimeric products exhibited p,p' linkage. Kinetic data 
indicated that the rate of disappearance of 2 or 3 was identical. 

Similarly reacting separately 4 and 5 with equimolar F at 60 °C and 8 pH are 
shown in Fig. 2.8 ( compound 4) and Fig. 2.9 ( compound 5). Both 4 and 5 form 
6 as an intermediate with subsequent condensation reactions involving loss 
of water and/or F leading to various dimers joined by either o,p' or p,p' methy­
lene linkages. Compound 5 is more reactive than 4 with F and difference in 
reactivity is attributed to quinoid form: 

Intramolecular stabilization is due to H bonds and leads to a higher nega­
tive charge on the para position. 

Thus rate data indicate the following ranking: 

- kphenol < k4 < k2 < k3 < ks · 

Compound 5 disappears rapidly in the reaction medium whereas phenol and 
compound 4 accumulate. The para position is more reactive than the ortho 
position with regard to F or methylol and leads to o,p' and p,p' methylene link­
ages; no o,o' is detected. Phenol must be consumed in the early stages of the 
reaction or it will remain unreacted because functional materials (2-5) are 
more reactive (more acidic) than phenol in reacting with F or methylol. 

Hence, it is very unlikely that the following reaction occurs: 

OH 

6 (2.7) 

A closely related HPLC study of the kinetics of resole resin catalyzed by 
either NaOH or triethylamine was recently reported by Mondragon and 
coworkers [20]. Using a molar ratio of 1.8 for F:P, a temperature of 80°C, 
and a pH of 8, the rate of disappearance of both F and P was faster for the 
triethylamine catalyzed system as compared to NaOH catalyst. The amine 
catalyzed reaction favored the formation of 2-hydroxymethyl phenol 2 
and suggests it is "ortho directing". A higher amount of 4-hydroxymethyl 
phenol3 was obtained with NaOH. Similarly higher amounts of methylolated 
phenols occurred with triethylamine as weil as oligomeric materials. Data 
suggest that a much faster reaction occurs with amine when compared 
withNaOH. 



2.2 Chemistry 35 

OH OH 

9-'CH,DH HOH,C*CH,OH 

+ F NaOH \ß 

CH20H CH20H 
4 6 

HOH2C CH20H 

(I) 
HOD-CH2-0-0H p-p 9 

OH CH20H 

4+ 4 
(I) 

P-CH,--0-0H o-p 13 

HOH2C 

HOH2C OH CH20H 
(II) 

P-CH,--0-0H (I) o-p 14 

HOH2C 

HOH2C CH20H 

(I) 
HOD-CH,-q-OH 

p-p 11 

CH20H 
4+ 6- OH CH20H 

(I) 
P-CH,-q-OH o-p 15 

HO~C CH20H 

HO~C OH CH20H 

(II) 

P-cH,-Q-OH 

c 
o-p 16 

HOH2C CH20H 

HOH2C CH20H 6+ 6 

) 
H01J-CH,-Q-OH p-p 12 

HOH2C CH20H 

(I) Condensation with loss of one molecule of water 
and of formaldehyde 

(II) Condensation with loss of one molecule of water 

Fig. 2.8. Reaction of compound 4 with equimolar F at 60 °C and pH 8 
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5 

OH 

HO~CYtYCH20H y 
CH20H 
6 

HOH2C OH CH20H 

5+ 5 
(II) t)-c~-Q-oH o-p 11 

/ 
CH20H 

HO~C CH20H 

5+ 6 
(II) HO*CH,-q-OH 

~ 
HOH2C CH20H 

() 
HO~C OH CH20H 

6+ 6 
(I) v-c~-Q-o" 

HO~C CH20H 

(I) Condensation with loss of one molecule of water 
and of formaldehyde 

(II) Condensation with loss of one molecule of water 

Fig. 2.9. Reaction of compound 5 with equimolar F at 60 oc and pH 8 

2.2.2 
Novolak 

2.2.2.1 
Bisphenol F 

p-p 12 

o-p 16 

Bisphenol F, the simplest novolak, is prepared by conducting the reaction of 
P and F with a large excess of phenol under acidic conditions. A mixture of 
isomers is obtained: o,p' isomer predominates, followed by p,p' and o,o', the 
lowest (Eq. 2.8): 



OH 6 + CH20 _H_+-+---
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OH 
6-CH2-o-OH 

o,p' 

HO-o-CH2-o-OH 
p,p' 

)tcH2v.t 
V V 

o,o' 

(2.8) 

It is the simplest but most difficult bisphenol to obtain ( compared with 

Bisphenol A, others) because of its propensity to undergo oligomerization to 
higher MW materials (novolaks). 

The mechanism of formation involves initial protonation of methylene glycol 

(hydrated F) which reacts with phenol at the ortho and para positions (Eq. 2.9): 

(2.9) 

The intermediate benzyl alcohols (carbonium ions) are transient inter­

mediates (detectable by NMR) as they are transformed into Bisphenol F. Newer 

processes identify continuous production of Bisphenol F using oxalic acid cata­

lyses [21, 22]. A small scale continuous (400 ml!h) operation is described [21] 

utilizing a multistage reactor in which the firststage is a stirred vessel with short 

residence time. The oxalic acid catalyzed reaction of 37% FandPis conducted 

in the firststage at 80 °C/5 min and then a flow reactor with a 10 min residence 

time. Yields of 92% Bisphenol F are reported. A large scale continuous process 

consists of reacting excess phenol with F and oxalic acid in multiple reactors 
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with the first group of reactors in a tube configuration. The process involves 
introducing 360 kg/h of 20/1 P: F with 0.046% oxalic acid (based on P) and react­
ing the composition at 70 °C. Continuous removal of 30 kglh of reaction mixture 
and continually feeding it into a packed distillation column (water and phenol 
removal) yielded crude Bisphenol F consisting of 29% p,p'; 38% o,p' and 11% 
o,o' or 78% Bisphenol F by weight. Besides preparing Bisphenol F, the process 
yields novolak resin (residue from continuous distillation of Bisphenol F) with 
very low amounts of phenol and dimer (Bisphenol F). 

A novel process involving a heterogeneous liquid/liquid reaction medium 
via a hemiformal intermediate was recently reported [23]. An equilibrated 
mixture ofF and hemiformal in isobutanol is added dropwise to aqueous solu­
tion of oxalic acid in phenol over 3 h (Eq. 2.10): 

(2.10) 

+ NOVOLAK 

The reaction mixture is subsequently stirred at 50 °C for 6 h to yield a 95:5 
mixture of Bisphenol F isomers and novolaks. 

Bisphenol F is a desirable material with many attractive applications 
paralleling Bisphenol A in use but significantly lower in volume. Bisphenol F 
epoxy resin possesses a low viscosity (2000- 3000 mPa) and is used in solvent 
free or high solids coatings, floorings, linings, impregnation, moldings, and 
Iaminates [24]. Polycarbonates based on Bisphenol F/Bisphenol A exhibit 
high T gs, high impact strengths, low brittle-ductile transition temperatures, 
and flame retarding properties [25]. The latter property is attributable to the 
Bisphenol F segment. High purity Bisphenol F is used in liquid crystal pro­
duction [26]. Bisphenol F is combined in a novolak!hexa inorganic filled 
molding material composition for low pressure injection molded parts with 
very low flash [27, 28]. Bisphenol F epoxy with high o,o' isomer (~ 46%) is 
reported [29] to exhibit lower viscosity (melt and solution viscosity) than 
typical Bisphenol F epoxy resin containing 10-15% o,o' isomer. 

Methods for preparing o,o'-Bisphenol F are known and require special 
conditions. Casiraghi et al. [30] reported the preparation of o,o'-Bisphenol F 
among higher p,o' oligomers using phenol and paraformaldehydein xylene in 
a pressurized reactor. 

Katritzky et al. [31] demonstrated a general procedure for the synthesis of 
o,o'-Bisphenol F via the reaction ofbenzotriazolylmethyl phenol with phenol 
and base (Eq. 2.11): 

OH 

6 t-BuONa 

t-BuOH 
(2.11) 

40% yield 
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&W 
ortho[o) ~ / [o.o,o) 
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Fig. 2.10. Isomerie structures during oligomerization 

2.2.2.2 
Oligomerization 

2.2.2.2.1 
Random 

Using lower amounts of phenol (than in the Bisphenol F preparation) but 
maintaining less than equimolar amount relative to F to avoid gelation, novo­
laks with varying MW s can be prepared. Depending on the molar ratio of F to 
P and residual free phenol constant, low melting solids to materials with 
softening points above 100 oc can be obtained. The overall reaction scheme 
showing isomeric changes that occur during oligomerization is shown in 
Fig. 2.10. Beyond Bisphenol F, isomeric changes and number of structural 
oligomers increases significantly. 

Pethrick and Thomson [32] examined novolak synthesis by conducting 
the oxalic acid catalyzed reaction in an NMR tube. Figure 2.11 shows in situ 
novolak preparation monitored by 13C NMR. Peak assignments are presented 
in Table 2.3. Thein situ experiments were performed at 80°C and spectra were 
obtained at intervals after 1, 3.25, and 5.5 h. Evidence for methylolphenol 
and its corresponding hemiformal was noted (61-66 ppm) but no identity of 
p-methylolphenol (64 ppm.). Yet indirect evidence for the existence of p-me­
thylolphenol exists since p,p' and o,p' methylene linkages are observed in the 
latter stages of reaction. Authors propose the absence of NMR peak being 
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Fig. 2.11. 13C NMR of in situ 
novolak preparation Oh 
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Table 2.3. General 
assignments of novolak 
13C NMR spectra 

2.2 Chemistry 41 

ppm Description 

150-156 C1 bearing phenolic hydroxyl 

151-152 Trisubstituted (branched) 

131-135 c4s 

128-131 Free phenol, mono and disubstituted 
phenolic rings 

125-131 c2s,6s and trisubstituted (branched) phenolic 

120 c4 free phenol 

115 C2,6 free phenol 

65 p-methylol phenol 

61 o-methylol phenol 

40 p,p'-methylene 

35 o,p'-methylene 

30 o,o'-methylene 

observed for p-CH20H is probably due to its high instability. o-Methylol for­
mation is more stable than p- due to intramolecular H bonding between 
methylol group and adjacent phenolic group. The first bridging methylene 
carbons which are characteristic of the resin microstructure were those of p,p' 
linkage, followed by o,p', with o,o' being the last to appear. It should be noted 
that although the o,p' methylene group follows the initially formed p,p' linkage, 
the o,p' linkage will increase and be greater than either p,p' or o,o' bridges. 
More detailed spectra peaks are assigned to monosubstituted rings (free 
phenol), disubstituted, and trisubstituted rings (Table 2.3). 

Thus in the preparation ofnovolaks, branching, free phenol content, sub­
stitution patterns, and methylene bridging structures can be ascertained by 
13C NMR. Depending on type of catalyst, strong acid or a weakly acidic metal 
salt medium, a statistical distribution of p,p': o,p': o,o' 1:2: 1 is obtained for 
strong acid while the weakly acidic conditions (4-6 pH) leads to high ortho 
resin exhibiting large amounts of o,o' and o,p' and low amounts of p,p'. (Weak 
acid conditions will be described in the section under High ortho ). Table 2.4 
describes different novolaks. 

Table 2.4. Isomerie content 
of various novolaks Novolak o/o Methylene bridges 

p-p o-p 0-0 

High ortho 2.3 40.2 57.5 
Random 25.8 49.1 25.1 
Oxalic acid 27.6 49.1 23.3 
Phosphoric acid 25.4 51.1 23.5 
Sulfuric acid 25.6 48.5 25.9 
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Table 2.5. Relationship 
ofF/P ratio to novolak 
softening point 

F/P Ratio 

1:0.65 
1:0.75 
1:0.85 

Softening Point (°C) 

60-70 
70-75 
80-100 

As the molar ratio ofF/P is increased,higher melting novolaks are obtained 
(Table 2.5). 

GPC traces of novolak resins (Table 2.5) are shown in Fig. 2.12 where 
0 = phenol, 1 =dimer, and 2 =trimer [34]. A shift to higher MW is noted in 
0.85 F/P ratio GPC trace; higher MW materials elute early at about 16 min vs 
little high MW material for 0.65 F/P ratio GPC trace. By comparison, greater 
amounts of dimer and trimer are observed in 0.65 ratio as compared to 0.85 
ratio. GPC traces of 0.75 F/P ratio is intermediate in high MW peak and dimer, 
trimer peaks. 

GPC (ISO 11401, see chapter 7) has been widely used for MWD of novolak 
resins with MW values being determined using monodisperse polystyrene as 
standard. In many instances reported MW values for novolaks are approximate 
and relate to polystyrene values. Solomon and coworkers [35, 36] have at­
tempted to correct this by synthesizing several pure oligomeric phenolic com­
pounds linked by o,o', o,p', and p,p' type linkages (Fig. 2.13, oligomers of 4, 

2 

0.65 0.75 0.85 

2 

16 20 24 28 16 20 24 28 16 20 24 28 
min 

Fig. 2.12. GPC of novolaks 0 = phenol, 1 = dimer, 2 = trimer 
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Fig. 2.13. Oligomers of 4, 6, 8, 10, 12 phenol units 
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Fig. 2.14. Comparison of polystyrene, and ortho series, ortho para series and para, para series 

standards for GPC 

6, 8, 10, 12 phenol units) and develop calibration curves for novolak resins 
(Fig. 2.14). Use of three calibration curves (curves of o,o', o,p', and p,p') with 
GPC analyses of commercial novolaks resulted in better MW values in the low 
to medium MW range; and more accurate than the polystyrene method. 

All three calibration curves must be used due to different novolak isomeric 
structural units causing variation during elution especially in the high MW 
region. The authors showed that Mn and Mw values approaching average MW 
from 1H NMR can be obtained by using the three calibration curves and 
weighted amounts of isomeric methylene linkages (13C NMR). 

Average MW of novolaks can be determined by obtaining the number of 
phenolic units (n) in the novolak resin from the ratio of methylene to aromatic 
protons of the 1H NMR spectrum using: 

2n- 2 

3n +2 

The method for determining the value of "n" is fairly accurate up to 7- 8 
units and typical of novolak resins. 

Comparison of commercial random and ortho novolaks [35] using the newly 
developed method ( trio of calibration curves combined with weighted fractions 
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Table 2.6. Molecular weight comparisons of polystyrene standards method, 1 H NMR method 
and newly developed method 

Novolak Molecular Weight Averages 

Newmethod Polystyrene 

Mn Mw PD Mn Mw PD 1HNMR 

Random 599 1157 1.93 496 1132 2.28 893 
Random 477 740 1.66 370 715 1.93 526 
ortho 595 1561 2.62 423 1116 2.64 850 
ortho 435 1728 2.97 345 1225 3.55 526 

PD = polydispersity. 

of methylene linkages (13C NMR)), polystyrene standards method, and 1H NMR 
method are summarized in Table 2.6 (see Sect. 7.4.1, ISO 11401, p. 504). 

Gelan and coworkers [33] report an improved 13C NMR quantification 
method for analyzing random and high ortho novolaks. Full quantitative spectra 
of novolaks with high signal-to-noise ratios are obtained by using chromium 
acetylacetonate during a few hours of spectrometer time. Using proton decoup­
led 13C NMR, proper peak assignments were established partkularly in regions 
where significant overlap occurs. Both random and high ortho novolaks were 
characterized by determining the degree of polymerization, degree ofbranching, 
Mn, isomerk distribution and number of unreacted ortho and para ring posi­
tions per phenolk ring. Table 2.7 contains a summary of Gelan's 13C NMR data. 

Gelan's novolaks are relatively low Mn novolaks (Mn from 288 to 400) with 
higher branching observed in random novolaks relative to the high ortho 
novolaks. Unreacted para and ortho position per phenolk ring parallel high 
ortho and random isomerk methylene distributions. A higher amount of 
unreacted para positions is highly desirable to facilitate a rapid eure of novo­
lak and directly relates to high ortho novolak resins. 

Preparation of novolaks is usually conducted in bulk with a molar ratio of 
< 1 for F to P to avoid gelation. These conditions lead to novolaks with MW s 
of several thousand daltons. In an attempt to prepare higher MW novolaks, 

Table 2.7. 13C NMR quantification data for novolaks 

Novolak n Mn a branching• o,o'% o,p'% p,p'o/o Pub ouc 

High ortho 3.88 400 0.15 66.8 30.7 2.47 0.74 0.78 
High ortho 3.65 375 0.14 58.9 39.4 1.70 0.69 0.86 
Random 2.83 288 0.19 22.4 51.3 26.3 0.33 1.38 
Random 3.45 353 0.19 24.4 50.7 24.9 0.29 1.29 

• a obtained by a = (2-[ CHml )/2 where CHm is number of meta carbons originating from free 
phenol and mono and disubstituted phenol rings. When a = 0.5 gelation occurs. 

b Unreacted para positions per phenolic ring. 
c Unreacted ortho positions per phenolic ring. 
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Table 2.8. 13C NMR analysis of novolak resins 

Novolak Methylene linkage Phenolic component 

Conventional 
In acetic acid 
In dioxane 

(%) 

o-o' 

32 
33 
37 

o-p' p-p' 

43 25 
45 22 
45 18 

(%) 

Terminal Linear Branch 

47 44 9 
26 47 27 
29 45 26 

Methylene 
linkage/ 
phenolic unit 

0.81 
1.00 
1.00 

Yamagishi/Ishida group [37, 38] conducted the acid catalyzed reaction of F 
and P in polar solvents. (see Structure chapter). Polar solvents are used in the 
preparation ofhigh MW cresol novolaks (see Photoresist chapter). Using equi­
molar amounts of F (paraform) to P and HCl, reactions were carried out in 
solvents such as isopropanol, ethyl propionate, 2-metho:xy ethanol, 4-methyl-
2-pentanone, dioxane, and acetic acid. Qualitative MW (GPC based on poly­
styrene) indicate that relatively high MW novolaks are obtained with MW 
greater than 1 x 106• 13C NMR data (Table 2.8) indicate that solution-based 
novolaks are similar to conventional novolaks as they relate to methylene link­
ages but exhibit higher branching. 

2.2.2.2.2 
High Ortho 

High o,o' resins are obtained under weak acidic conditions (pH 4-6) with an 
excess of P to F and divalent meta! salts such as Zn, Mg, Cd, Pb, Cu, Co, and Ni, 
preferably acetates. The initial reaction is proposed to occur through chelation 
of phenol and F through metal carboxylate (Eq. 2.12): 

OH 

6~+ ,." M(Ach-

M(Ach = Metal Acetate 

- (2.12) 

The chelated intermediate is then transformed into o-methylol phenol. 
Evidence for o-methylol phenol and its accompanying hemiformal was ob­
served by Tüdos and coworkers [39] via 1H NMR and GPC. Goncentration of 
both materials increased as pH was increased from 4.1 to 6.5. Oligomerization 
occurs to high o,o' resin whose amount of methylene bridging for o,o' and o,p' 
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is reasonably similar ( 47-49 o/o) with less than 5% for p,p'. Some methylene 
ether is also noted. 

Solution properties of all ortho linear oligomer were examined by the 
Yamagishi/Ishida group [40].All the oligomers (n = 2 to 7) were highly solvat-

ed and molecularly dispersed in acetone while in CHC13 strong H bondingwas 
observed. Both inter- and intramolecular hydrogen bonds facilitated bimole­
cular aggregation of dimer and trimer into tetramer and hexamer like cyclic 
(calixarene) structures (Fig. 2.15). Tetramer (n = 4) and hexamer (n = 6) 
oligomers formed pseudo calixarene structures by intramolecular hydrogen 
bonds.All ortho linear oligomers with p-tert-butyl substituent and derivatized 
with ethyl acetate or trioxyethylene ether groups appended to the phenolic 
hydroxyl were compared in metal cation extraction with 18 crown 6 ether [ 41]. 
Metal cation extraction data suggested linear all ortho oligomers/ethyl acetate 
derivatives were similar to ethyl acetate attached to calixarene but lower in 
percentage extraction. Similarly the complex structure of trioxyethylene 
ether derivative of the linear all ortho oligomers suggested a structure like 18 
crown ether (Fig. 2.16). Thus the linear all ortho oligomers with appropriate 
derivatives develop "pseudocyclic" conformations as either "calixarene-like" 

Bimolecular Trimer Hexamer calix [6) arene 

Bimolecular Dimer Tetramer calix [4) arene 

Fig. 2.15. Molecular conformations of calixarene type materials 
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18-crown-6 

Fig. 2.16. "Crown ether like/calixarene like" structure with alkali meta! cation 

or "crown ether-like" to exhibit favorable cation metal extraction character­
istics (see Structure Chapter 4). 

2.2.2.2.3 
Modified Novo/oks 

A variety of modified novolaks can be prepared under acid catalyzed condi­
tions involving various reactants such as bismethylol para substituted phe­
nols and similar materials, dialcohols, diethers, and novolaks. The latter 
(novolaks) can be modified by reaction with olefins, rosin, and others. Be­
sides these basic reactants, other phenols and aldehydes have been used, 
particularly in the preparation of high T g novolaks for photoresist area 
(see Photoresist) as well as epoxy hardeners for electronic potting products. 
In some cases the modified novolak is obtained without formaldehyde or 
any aldehyde. 

Bismethylol Para-Substituted Phenol 

The reaction of bismethylolated phenolics (particularly cresol) provides a 
facile method for preparing random and block copolymers with various 
phenolic reactants (Eq. 2 13): 

OH OH v.H ~H HO~OH • Q _.':!:_.. I "' CH, I "' 

R R' R R' n 

(2.13) 

R = CH3, /-Butyl 

When R, R' = CH3 Zampini et al. [42, 43] and Jeffries et al. [44] have 
prepared random and block copolymers of p- and m-cresol novolaks. The 
Yamagishi/Ishida group [40, 41] used t-butyl substituted (R = R' = t-butyl) 
materials to obtain all ortho linear oligomers. 
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Naphthol type novolaks have also been reported [45] (Eq. 2.14): 

(2.14) 

Diethers 

Materials similar to Xylok® resin (1) continue tobe described in the literatme 
[46, 47]. These are "formaldehyde free" novolaks which exhibit increased 

high temperature resistance compared with conventional novolaks (Eqs. 2.15 
and 2.16): 

OH 

6 + H,COH2C-o-CH20CH, 

~OH 
~ + 

Dialcohols [48] 

130°C /4 hrs 

p-toluene 
suWonic acid 

(2.15) 

(2.16) 

(2.17) 
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Diolefins 

Another "formaldehyde free" novolak that is an intermediate material and 
transformed into epoxy or cyanate ester products (see later) is the novolak 
from phenol and dicyclopentadiene [49] (Eq. 2.18): 

OH 6 + 00 CF,SO,H (2.18) 

Enzymes 

The enzymatic oxidative polymerization of phenolic monomers has received 
considerable attention due to mild reaction conditions and is shown to occur 
in the absence of formaldehyde. Several groups notably Pokora of Enzymol, 
Kobayashi of Tohoku University, and Akkara and Kaplan of US Army RD & E 
Center have been engaged in enzymatic biooxidation of phenolic materials. 
Early work by Pokora at the Mead Corp. with subsequent acquisition of the 
enzyme technology by Enzymol identified a relatively inexpensive enzyme 
system to polymerize phenols. Soybean peroxidase (SBP), readily available 
from soybeans, in conjunction with hydrogen peroxide easily oxidizes substi­
tuted phenols [50] (Eq. 2.19): 

OH OH OH 

SBP - (2.19) 

R R R n R 

The reaction can be carried out in a mixed aqueous solvent system (acetone, 
ethanol, or isopropanol) at 50-60 °C with insoluble product removed by ftltra­
tion and solvents recycled. More costly horse radish peroxidase (HRP) enzyme 
with H20 2 has been evaluated by Kobayashi et al. [51] and Akkara et al. [52] 
leading to similar oxidatively polymerized materials. 

Use ofSBP or HRP requires hydrogen peroxide co-reactant and an aqueous 
polar solvent environment. Although mild reaction conditions ( < 60 oq and 
formaldehyde free system are beneficial factors, overall biocatalytic system is 
moreexpensive than conventional novolak catalysts. In addition these substi­
tuted novolaks prepared by enzymatic oxidative polymerization have limited 
applications. Enzymol claims active programs in coatings, adhesives, antioxi­
dants, and micro-electronics. 
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Selective reactions can be directed to the hydroxyl functionality of the phenol­
ic group whereby the transformed product has new utility in applications that 
are non-attainable by the phenolic resin. Moreover in many instances these 
appendages eliminate water by-product evolution and minimize void content. 
These transformations are preferably conducted on the stable novolak system. 
These new functional groups or appendages vary from epoxy, allyl, cyanate 
groups to the formation of an oxazine ring structure, Friedel-Crafts alkylation 
and imidization. Similar reactions can be conducted with natural products 
containing phenolic functionality such as lignin, tannin, and cashew. 

2.3.1 
Functional Group Appendage to Phenolics 

2.3.1.1 
Epoxy 

The most important transformation of phenolics is the introduction of an 
epoxy group onto the hydroxyl group leading to a variety of epoxy compounds 
which can be difunctional or polyfunctional (Eq. 2.20): 

Ho-0-x-Q-oH 

x = CH2, C(CH3)2 

NaOH 

H2G_-,CHCH20-o-X-o-OCH2CH;-,CH2 

0 0 
(2.20) 

The simplest novolak, Bisphenol F (X = CH2), is transformed into the 
corresponding epoxy resin whose value as a low viscosity epoxy resin system 
was mentioned earlier. Bisphenol A [X=C( CH3)z] epoxy resin is a large volume 
commodity epoxy resin used in electricallaminates (Sect. 6.1.4.3), coatings, 
adhesives, composites, etc. [53, 54]. 

The use of high purity epoxy o-cresol novolak (ECN) combined with 
phenolic novolak hardener represents general purpose epoxy potting system 
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for encapsulation via transfer molding of solid-state devices such as diodes, 
transistors, and integrated circuits (Eq. 2.21): 

O-CH2 

P~t3 ± Crosslinked 
_,._CH2n-,_., Product 

(2.21) 

These silica filled compositions are characterized by high modulus and 
high Tg and low thermal expansion coefficients (TEC). These three charac­
teristics determine to some extent the internal stress in the epoxy molding 
material and are important considerations in the design of new epoxy/ 
hardener systems. Volume of ECN molding compounds is about 90,000 tonnes 
per year (1996) and is expected to grow to 120,000 tonnes per year in the year 
2000. With large chip size and increasing DRAM density, new characteristics 
such as reducing thermal stress and improving solder crack resistance have 
become important due to high packaging density and surface mount con­
figuration. The latter requires infrared lamp and vapor phase solder baths 
(215-260°C}. 

Soldering deterioration of various epoxy molded IC packages after 
moisture absorption has been evaluated by examining many different epoxy 
resins (23 types) in conjunction with 5 different novolak hardeners [55]. Cured 
systems exhibiting low modulus at high temperatures and good adhesion to 
the die pad showed good durability. Difunctional epoxies based on Iimonene 
cresol novolak epoxy, tetramethyl biphenyl epoxy, and naphthalene epoxy 
showed excellent durability. Similarly studies conducted by the Hitachi Ltd. 
group [56] identified ways to reduce thermal stress by considering shape and 
ftller (silica) content, combined with lower viscosity resin systems. Introduc­
tion of siloxane polymer in the epoxy also reduced thermal stress without 
sacrificing Tg. Water absorption behavior of the encapsulated materials is 
equally critical due to the high temperature solder conditions (infrared lamp 
and vapor solder reflow). The Hitachi group showed that water absorption is 
closely related to crosslink density of matrix resin (()), and it follows that 
moisture increased as (' increased. Ordinarily a low (' would indicate a low T g. 
The authors developed resin conditions with low (' and high T to reduce 
moisture absorption of the resulting resin and yet maintain high aJhesion and 
low stress. Several candidate epoxy resins and novolak hardeners were identi­
fied and are shown in Fig. 2.17. 

Thus a new resin system (structure not disclosed) was developed with both 
low crosslink density and high T g due to the enhancement of intermolecular 
interaction of the crosslinked network resin system. DMA data of new com­
positions (identity not revealed) were improved compared with conventional 
ECN system. Thus high T g, low moisture/stress and high adhesion epoxy pott­
ing compounds were reported. 
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The anomalous behavior of these novel epoxy systems exhibiting low cross­
link density, high adhesion combined with low moisture and low thermal 
stress but a high Tg may be attributable to several structural characteristics of 
the novel epoxy resins and hardeners. Use of monomeric epoxy resin rather 
than an oligomeric epoxy component results in a low viscosity resin and 
allows more silica filler in the composition, hence a higher Tg for the higher 
silica epoxy cured system. Further biphenyl and bis naphthyl are "skewed" 
molecules exhibiting low viscosity. Either material with an appropriate hard­
ener accept increased silica filler and lead to cured systems with low thermal 
expansion coefficents (TEC) of less than 10 ppm/K. Another feature of the 
study was the use of Xylok type hardeners which according to the autors con­
trol crosslink density in such a manner that structures with low crosslink den­
sity are obtained. Thermalstress was reduced by the introduction of a siloxane 
phase which separated upon eure of the highly filled epoxy/hardener system. 
Thus many desireable advantages such as low moisture, low thermal stress, low 
TEC, high adhesion and high Tg were achieved by the judicious selection of 
monomeric epoxy resins and Xylok type hardeners. These structural features 
may be applicable to other epoxy related areas where cured epoxy systems are 
the required resin system such as electricallaminates, epoxy molding com­
pounds, and the use of epoxies in Advanced Composite components such as 
load bearing structures, RTM, and others. 

Epoxy novolak resins with different siloxane modifications leading to low 
stress potting materials have been investigated with respect to the mobility of 
different structural elements as well as morphology [57]. Using various solid 
state NMR techniques, relaxation experiments allowed prohing the mobility in 
a range of motional frequencies. Authors were able to correlate low stress 
modification with microphase separation. 

Positron annihilation has been shown to be a method to characterize free 
volume characteristics and water absorption behavior of different epoxy 
novolak resins cured by novolak [58]. 
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Novolak Hardeners 

OH OH 
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OH OH 
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-

Fig. 2.17. Epoxy resins and novolak hardeners for IC packages 
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2.3.1.2 
Allyl, Benzyl Group 

The allyl or benzyl group can be introduced into the phenolic resin by reacting 
novolak with the appropriate halide and base (Eq. 2.22): 

(2.22) 

The allyl ether can be thermally rearranged (Fries) into an allyl substituent 
and/or chromene ring system (Eq. 2.23): 

(2.23) 

The presence of an allyl ring compound allows the introduction of siloxane 
functionality into phenolic systems (Eq. 2.24): 

OH ~~CtHn =CH2 Siloxane 

Chloro 
platinic 
acid 

(2.24) 

Use of vinyl benzyl halide leads to the introduction of a styryl group into 
the phenolic resin [59] (Eq. 2.25): 

+ ~~' Base 
(2.25) 

CH=CH2 

The vinyl benzyl ether system can be cured under free radical or Lewis acid 
conditions. The latter conditions lead to polyethertype material {6). 
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Interpenetrating (IPN) structures (see later) of phenolics/polystyrene are 
possible. 

2.3.1.3 
Cyanate Ester 

The development of cyanate esters occurred in a manner analogous to epoxy 
resins. Both difunctional and multifunctional cyanate esters were commercia­
lized based on bisphenols and phenolic novolaks. Monomerk cyanate esters 
based on phenol or diphenolic compounds were reported by Grigat of Bayer 
in 1969 [ 60]. High yields of bisphenol A dicyanate ester are obtained by using 
cyanogen chloride and base (Eq. 2.26): 

(2.26) 

The cyanate ester trimerizes into a cynaurate ring structure at elevated 
temperatures catalyzed by metal salts yielding a highly crosslinked resin with 
Tg> 250°C. 

Early application areas that showed promise for the dicyanate ester were 
electrical Iaminates and frictional components for aircraft brakes. After a 
series of setbacks, Bayer in 1978 licensed the cyanate ester technology to 
Mitsubishi Gas Chemical and Celanese. Mitsubishi has commercialized 
a family of resins known as BT resins which consist of bis A dicyanate and 
bismaleimide of 4,4'-methylene dianiline. BT resins are used in high Tg elec­
tricallaminates. Eventually the Celanese cyanate ester activities were acquired 
by Ciba which has expanded the range of cyanate ester products [61, 62]. 

Dicyanate esters are particularly attractive resin systems for electronic 
applications due to the unusual combination of properties such as low values 
for dielectric constant (Dk) and dissipation factor (Dr) with an accompanying 
high Tg [63]. Only Teflon and polyethylene possess lower Dk and Dr values 
than cyanate esters but are low modulus materials. Low values of Dk and Dr 
are highly desirable allowing increased signal speed and circuit density 
while lowering power requirements and amount of heat generated relative to 
epoxy or BMI resins. These benefits are extremely important for circuits 
operating at microwave frequency. Further Dk and Dr allows increased trans­
mission of microwaves through radome walls, antenna housings, and 
stealth aircraft composites. Dicyanate esters are established thermosetting 
resins for insulating high speed, high density electronic circuitry, matrix 
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resins for aircraft composites, geostationary broadcast satellites, radomes 
and antennas, versatile adhesives, as well as passive waveguides or active elec­
tro-optic components for processing light signals in fiber optic communica­
tions. 

High performance thermoplastic resins such as PES, PSF, PPO, PEI, and PI 
with T gs ~ 170 oc are soluble in dicyanate esters but phase separate when con­
centrations are above 15% into co-continuous morphologies during eure [ 64]. 
The resulting toughened materials exhibit effective impact darnage resistance 
without sacrificing high T g or elevated temperature modulus. 

In 1991 Allied Signal commercialized a multifunctional cyanate ester based 
on phenolic novolak [ 65]. The product is known as Primaset PT (phenolic tria­
zine) and undergoes crosslinking at elevated temperatures in a manner ana­
logaus to the dicyanate esters (Eq. 2.27): 

N=< 
.,..(, N 

OH OCN 0 N-\ 

rA L CICN rA L A rA L VCH2r; s;;;- VCH2r; - VCH2r; (2.27) 

PT family of resins consist of a viscous liquid, semi-solid and a powdered 
material. These liquid and solid forms provide broad processing capabilities 
of PT resin by hot melt (prepreg/adhesives ), filament winding, RTM or powder 
coatinglcompression molding [66]. PT resin requires lengthy eure and post 
eure at elevated temperatures for maximum Tg (350-400°C). It exhibits good 
thermal stability with little change in mechanical properties after aging 1000 h 
at 288 °C or 200 h at 315 oc. Char and OSU values are quite attractive and res­
ponsible for evaluation in aircraft interior applications. 

In 1995 Lonza acquired Primaset PT family of resins from Allied Signal. 
It was an obvious acquisition for Lonza since Lonza conducted the cyanation 
reaction for Allied Signal under toll arrangement. PT resins are used in aircraft 
interior duct components, plastic ball grid arrays, encapsulation of electronic 
components, super abrasives, and friction elements [67]. 

2.3.2 
Ring Formation with Phenolic 

2.3.2.1 
Benzoxazine 

A reaction that lay dormant for many years was reexamined by Ishida and 
coworkers at Case Western. In a series of papers [ 68- 76], Ishida and coworkers 
have shown that with diphenolic compounds, primary amine and aqueous 
formaldehyde, difunctional benzoxazine, and other oligomers are obtained 
[ 68, 69] (Eq. 2.28): 



58 2 Phenolic Resins: Chemistry, Reactions, Mechanism 

Ho"() (Po~ RNH2 cH2o (o~ ~ol 
~XAJ R'N~X~N.R 

(2.28) 

X = C(CH3)2, C=O 
R = CH3, Phenyl 

The use of aniline favors a higher yield of monomerk product than methyl­
amine. Benzoxazine undergoes facile ring opening with active hydrogen con­
taining materials ( unreacted starting material, oligomeric phenolic materials, 
etc.). Using a simplified reaction scheme of a monofunctional benzoxazine, 
ring opening mechanism occurs by breaking of a C-0 bond of the oxazine 
ring [70] (Eq. 2.29): 

o\"'N-R OH 

~ tl N 
(2.29) - I 

R 

R' R' n 

With difunctional benzoxazines highly crosslinked networks result. lt has 
been shown that the ring opening reaction is autocatalytic and can be cata­
lyzed by acids, preferably carboxylic acids and not inorganic acids which are 
too severe [71, 72]. Polymerization occurs with near zero shrinkage or slight 
expansion and is quite uncommon for ring opening polymerization {73]. The 
uniqueness of expansion ofbenzoxazine materials on polymerization is attri­
buted to molecular packing via hydrogen bond formation [74]. A comparison 
ofthermal properties of benzoxazines with other high performance thermo­
settingresins is shown in Table 2.9 [75]. 

Both polybenzoxazine and phenolic properties are favorable based on T g 
and char yield as compared to expensive BMI. 

A high Tg (350°C) dibenzoxazine is reported for product from 4,4'-di­
hydroxybenzophenone and aniline combined with CH20 [76]. Fiber reinforced 
composites of its polymer with carbon fiber resulted in mechanical properties 
similar to PMR-15/CF composite. PMR-15 isahigh performance thermosetting 
aerospace material [125]. 

Table 2.9. Comparison ofbenzoxazines with thermosetting resins [75] 

Resin Family Tg (OC) Td a (oC) Char Yield (%) 

Polybenzoxazines 150-260 250-400 45-65 
Phenolics -175 40-SOb 
Epoxies 150-261 :s;40 
Bismaleimides 250-300 450-500 50-70 

• Temperatures when 5% weightloss during TGA in N2 , 20°C/min heat rate. 
h 55-70% (see Pyrolysis ofPhenolics, Sect. 6.4.1, p. 417). 
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Recently Jang and Seo [77] evaluated the effect of reactive ruhhers in di­
henzoxazine (X=C(CH3)z; R=phenyl) (Eq. 2.28). Amine terminated (ATBN) 
and carhoxyl terminated hutadiene acrylonitrile ( CTBN) ruhhers were 
examined. ATBN exhihited hetter distrihution of ruhher particles in the 
matrix phase than CTBN. Higher fracture toughness and smaller ruhher 
particle size was ohserved in dihenzoxazine modified with ATBN. 

Investigators at Hitachi Chemical have developed an in situ method of pre­
paring copolymers of henzoxazine and novolak hy conducting the reaction 
with novolak and a deficient amount of aniline and CH20 [78] (Eq. 2.30): 

These resulting materials have heen examined in many different applica­
tions such as electricallaminates, friction, gaskets, fiher reinforced composites, 
and molded products. 

Benzoxazine materials possessing high crosslink density were prepared hy 
the Hitachi group [79] using phenylene diamine, hisphenol A, aniline, and 
CH20 (Eq. 2.31): 

HO'() <rOH . I CHg I 
:::::,_ \ :::::,_ c 

I 
CH3 

OH 

OH 

+ 

OH 

OH 

A T g of 164 oc was reported for the cured product. 

(2.31) 



60 2 Phenolic Resins: Chemistry, Reactions, Mechanism 

2.3.3 
Alkylation 

2.3.3.1 
Friedei-Crafts 

Alkylation with various alkylating groups, (dicyclopentadiene [80]}, 
(divinyl benzene/ethyl styrene [81]} are examples of Friedel-Crafts reaction 
(Eq.2.32): 

2.3.3.2 
Hydroxymethylation 

+ "Aikylating 
group" 

Acid -
Alkylating group 
appendage 

(2.32) 

Novolaks can be transformed into resoles by reacting novolaks with CH20 and 
base catalyst [82] (Eq. 2.33): 

2.3.4 
Miscellaneous 

2.3.4.1 
Polyimide 

Base - (2.33) 

A polyimide structure is proposed when novolak is reacted with melamine, 
pyromellitic anhydride, and hexa [83] (Eq. 2.34): 

0 0 

0~0 + HEXA (2.34) 

0 0 
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200°C 
(2.34 cont.) 

2.3.5 
Natural Products 

Natural products containing phenolic groups within the structure (lignin, 
tannin, and cashew nut shellliquid) are reported to undergo similar reactions 
as were shown for novolaks. Epoxy group is introduced into lignin [84], 
hydroxymethylation occurs with lignin [85] and tannin [86]; alkylation or co­
reaction of novolak with lignin [87] is reported. Chemistry of cashew was 
reviewed recently [88]. 

2.4 
Mechanism 

Mechanistic considerations related to formation of resoles and novolaks were 
described in earlier sections when the preparation of resole and novolak 
resins was discussed. This particular section will consider mechanistic 
pathways involved in the eure of resole and novolak. Methods involving non­
hexa eure, level of eure and post eure conditions will also be discussed. 

2.4.1 
eure 

Due to their mode of preparation, different curing conditions are necessary to 
crosslink resole and novolak resins. Resales are readily cured by acid, base, or 
thermal conditions. There are some other special resole curing systems such 
as carboxylic acid esters, anhydrides, amides, and carbonates which are 
reported to aceeierate the eure of resole resins [89] (see Faundry chapter). The 
conditions under which these selective systems operate are not completely 
understood. 

Novolaks require a source of formaldehyde which is usually hexamethy­
lene tetramine (hexa). Other novolak curing methods besides hexa (see 
Sect. 6.1.2.3.4) consist of solid resole, bismethylol cresol, bisoxazolines, and 
bisbenzoxazines (see Sect. 2.4.1.3.). 
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2.4.1.1 
Resoie 

As the eure of resole commences, MW advancement occurs leading to a gel 
state (B-staged intermediate) which is no Ionger soluble in precursor medium 
(water or alcohol). While the solvent is volatilized during heating, the flexible 
phenolic intermediate increases in modulus and becomes rigid and cross­
linked. Powdered novolak combined with hexa undergoes a similar "melt 
phenomenon" on heating to a flexible phase and ultimately to a rigid, high 
modulus, crosslinked system. Complete eure of phenolic resole leads to a high 
modulus, high crosslink density, moderately high T g ( -150 oq material ex­
hibiting excellent maisture and heat resistance. These features coupled with 
attractive economics are the motivating factors for the use of phenolics in 
many applications. The largest market segment for resole resins is wood ad­
hesives where greater than 60 o/o of the total volume of phenolics (North 
America) is used as wood binder. Hence many eure studies related to resoles 
as wood adhesives have been reported. These resoles are mainly NaOH cata­
lyzed resin system with pH > 9, low viscosity, 40- 50 o/o solids, with low residual 
phenol and formaldehyde, and molar ratio of F/P of ~ 2. These resins are pri­
marily used in plywood and OSB panels (see Wood Composite chapter). 

2.4.1.1.1 
Thermoi/Viscoelostic Anolyses 

Many different analytical techniques have been examined to monitor the eure 
of resoles. The dynamic curing process can be examined using thermal or 
viscoelastic methods to follow the curing behavior of resoles. The use of DSC, 
TMA and/or DMA and DEA as thermal/viscoelastic methods has been effec­
tive in establishing eure parameters such as time/temperature conditions for 
optimum eure. 

DSC has been evaluated [ 90- 93] as a method for assessing the total heat that 
is evolved during thermal eure of resole and relating it to level of eure ( see ISO 
11409, Chapter 7). Efforts by Myers et al. [91] and Riedlet al. [92] indicate that 
the use of DSC for resole eure provides sometimes only qualitative information. 
Since it is difficult to reproduce resoles with similar level of advancement and 
water content (especially as wood adhesives), only qualitative camparisans be­
tween resole resins can be obtained when considering catalyst content, mois­
ture content, and pre-conditioning prior to DSC analyses. 

TMA has been utilized as an analytical probe for thermoset resin eure. Pizzi 
et al. [89] used TMA as a means of determining crosslink density of different 
thermosetting wood adhesives such as PF, MF, MUF, RF, and Tannin F by con­
sidering the average number of degrees of freedom of polymer segments be­
tween crosslinking nodes during hardening of networks. Schmidt [94] used 
TMA for the determination ofT g of post cured wood adhesive resins. 

A modified version of dielectric analysis (DEA) has been reported as a con­
venient method to monitor the in situ eure of thermosetting resins. It is known 
as microdielectric spectroscopy and has been used to monitor the eure of 
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Fig. 2.18. DMA of resole resirr 

phenolie resins [95] and modified resorcinol formaldehyderesins [96]. It, lik.e 
DMA, monitors rheological transformations during resin eure by measuring 
permittivity and dieleetric loss. 

A dynamic method that has been effeetive in evaluating the eure eharaete­
ristics of powdered novolaklhexa resins and is gaining in importanee in the 
evaluation of resole resins is DMA. Several investigators [91, 93,97 -100] have 
evaluated DMA for eure of resoles as wood adhesives. By monitaring storage 
modulus, resin rigidity or high modulus oeeurs when maximum eure is ob­
tained. Under isothermal eonditions, the area under the tan 6 eurve is a 
measure of residual eure of resin that remains. Kim et al. [98] have shown that 
one ean obtain values for eure time based on storage modulus eurve and 
gelation times from tan 6 eurve. Isothermal DMA showing storage modulus 
eurve and tan 6 eurve and how eure time and gelation time are obtained is 
shown in Fig. 2.18 [98]. These DMA-related values assisted in optimizing the 
synthesis and eure parameters of resole resins for plywood and OSB wood 
eomposites. 

Christiansen and eoworkers [93, 100] eombined both DSC and DMA teeh­
niques to identify ehemical eure and meehanical eure of wood adhesives. 
Authors used DSC to follow ehemical eure by measuring the exotherrnie 
nature or heat of polymerization of resin by DSC while meehanical eure was 
obtained from stiffness measurements by DMA. These studies were eonducted 
in conjunetion with "Steam Injeetion Pressing" (SIP, see Wood Composites 
ehapter). The eontinuing study identified chemical eure (DSC) oceurring at a 
slower rate than meehanical eure (DMA) with both eure rates inereasing with 
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increasing relative humidity and temperature. However resins with high 
maisture content retarded eure. 

Gardner and coworkers [101] have also used both DSC and DMA to monitor 
the eure of wood adhesives with flllers or extenders. Fillers such as clay and 
pecan shell flour and wheat flour extenders in resole were compared with con­
trol resole. Little or no effect on the eure properties of the resin was observed. 
The mechanism of the curing process is essentially unchanged by the additives. 

2.4.1.1.2 
NMR Analyses 

These dynamic processes have aided investigators in developing optimum 
eure conditions of resoles as wood adhesives. Yet there is an abiding interest to 
determine the structural characteristics of the crosslinked resin product. Due 
to complete intractability upon crosslinking, structural identity of the cross­
linked resin has relied on solid state NMR [ 102 -110]. Early solid state NMR 
by Maciel et al. [102] implied the direct involvement of the hydroxyl group of 
phenol, condensation of methylene bridge with hydroxymethyl group, and 
crosslinking of methylene bridge with F which is liberated during eure. Many 
of these proposed components are based on NMR spectra peaks with minimal 
structural confirmation. 

Recently Kim et al. [ 110] reexamined the structural characteristics of cured 
resole with respect to resin male ratio and oxidative side reactions using solid 
state NMR. They claimed that an F/P ratio of 2.1 is optimum as a commercial 
wood adhesive resin providing high eure speed with low F emission. A wood 
adhesive resole with a 2.1 male ratio ofF/P was thoroughly cured and studied by 
solid state 13C CP/MAS NMR spectroscopy. They reasoned that a fully cured 
resin would exhibit amethylene to phenolratio ofF/P = 3/2,or l.S.A value of 1.5 
is the theoretical ratio with actual values of 1.35 to 1.46 being observed by NMR. 
The remaining 0.6 equivalents of F was determined as hydroxymethyl and 
methylene ether groups, oxymethylene species, and oxidation products 
of F, with only a very small amount of F being emitted during resin eure. 
Evidence for carboxaldehydes (A) and quinone structures (B) was presented. 
Small amounts of methylene ether (- 4 molo/o) were proposedas hemiformal ( C) 
rather than phenoxy methylene ether as suggested by early studies of Maciel. 

~CHO 
f 
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Thus the structural characteristics of cured resole resin are consistent with 
many early (pre-solid state NMR) proposed structures and to a minimal extent 
to those structures based on phenolic hydroxyl group reaction, methylene 
bridge reactions with F or hydroxymethyl. 

One of the main features of NMR analyses for resoles is resin functionality 
and the ability of the resole to perform satisfactorily in the end use application 
by controlled resin advancement. This is particularly important in phenolic pre­
preg manufacture. Recent NMR studies of resoles identify a trend to examine 
many high performance phenolic resin intermediates that are subsequently 
transformed into composites. 13C NMR analyses of Borden resin SC 1008, 
a popular resin used in many high performance phenolic/carbon fiber compo­
sites qualified in many military and aerospace applications, and prepregs based 
on SC 1008 (Fiberite, Tempe, AZ; products:MX 4926, FM 5939LDC, FM 5055) 
have provided detailed structural analyses of resin/prepreg and resin advanee­
ment as it is transformed into prepreg [111]. These studies provided an under­
standing of the structure characteristics of the resin and the carbon fiber 
prepreg system used in rocket nozzles and the NASA Space Shuttle nozzle. 

Functional group content within the resole resin ean be examined by both 
solution and solid state 13C NMR. Specific groups or functionalities, such 
as methylol to methylene, can be spectrally resolved both in solution and 
solid state. Charaeteristic chemical shifts for methylol are 62 - 66 ppm and 
35-40 ppm for methylene. Furthermore transformation can be monitored 
during resin eure. Besides 13C, 1H wide line solid state NMR has been used to 
measure rate of sample euring"in situ" by monitoring the sample T 2 ( spin -spin 
relaxation time) as funetion of heating time. These T2 values are correlated 
with 13C NMR of methylol disappearance and methylene appearance and pro­
vide excellent agreement. Studies (T 2) were conducted at very rapid speed with 
"on-line" NMR spectrometer for monitoring liquid resole resins with carbon 
blaek filler [112]. Several resoles with varying viscosities, from 300 to 
60,000 eps, were examined. These studies were conducted by Hercules to 
monitor the resin system used in aerospace industry to produee rocket motor 
eomponents with strength and rigidity by filament winding. 

Qureshi and MacDonald at Georgia Pacific [113] used 13C solid state NMR 
to develop optimum post eure conditions of glass phenolic laminates that 
result in minimum weight loss and excellent hot strength at elevated tempe­
ratures (260 °C). By monitoring methylol and methylene functionalities, 
13C NMR rapid screening of small glass laminates provided a quick technique 
to arrive at optimum post eure eonditions rather than labor intensive in­
dividuallaminate prepregging-eure-testing procedures. 

Another NMR technique that has been effeetive in describing resole eure and 
extent of erosslinking is proton spin-lattice rotating frame relaxation time 
(T l(>H). Sehmidt [94] used T l(>H relaxation behavior to demoostrate level of cross­
linking in wood adhesive resoles. He was able to distinguish crosslink density 
between resins eured with differing relative humidity. Lower crosslink density of 
resin cured in the presence of high humidity led to a lower T I(>H value whereas 
higher crosslink density exhibited higher T I(>H value. These relaxation behaviors 
also provided a correlation with T g values obtained by TMA. 
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Curran and coworkers [114] used T1rH response to monitor uniformity of 
eure of carbon-carbon composites based on phenol/phenylphenol formal­
dehyde polymer used as matrix material in C-C composites for aircraft 
brakes. T I(>H response showed wide variation within the same part with relaxa­
tion behavior in the center of the part differing from outside surface. The in­
terior of the part exhibited a multiple decay due to phase separation and in­
homogeneous distribution of free phenylphenol in the solid matrix. By an 
unspecified treatment of the part, the relaxation behavior T I(>H for alllocations 
of the molded partwas identical and consistent with homogeneaus distribu­
tion of phenylphenol throughout the matrix. 

Besides structural characterization and functionality, the versatility of 
NMR lends itself to the use of different relaxation techniques (T 2 , T 1 , T 1") to 
monitor eure, crosslink density, and uniformity of cured resole systems. 

2.4.1.2 
Novolak 

Similar to the difficulties encountered in understanding resole eure, a 
complete understanding of the mechanism of hexa cured novolak has been 
lacking due to crosslinking and intractability of the product. In 1987 Maciel 
and Hatfield [115] identified 15 possible intermediates involved in hexa cured 
novolak. This initial publication presented solid state 13C and 1sN CS/MAS 
spectra using 13C labelled and 1sN labelled hexa to study the curing reaction. 
More recently Solomon and coworkers [35, 36, 116-123] expanded Maciels's 
proposed mechanistic scheme by undertaking a major study devoted to the 
hexa/novolak curing mechanism by synthesizing many phenolic oligomers 
with known configuration [35, 36, 116, 117], reaction studies of hexa with 
model compounds [117, 118], fate of hexa/novolak intermediates generated 
from hexa/model compound studies [120, 121], and finally applying these 
studies to analyze the novolak/hexa eure reaction by 13C and 1sN NMR [119]. 

The rationale of Solomon's initial strategy was to propose suitable novolak 
models (monomers, dimers) and conduct specific hexa reactions with each of 
these models (monomers, dimers) and eventually with the fully characterized 
novolak. As it will be shown subsequently, these monomer, dimer reactions 
resulted in a consistent pattern for "initial point of attack" by hexa. 

For suitable novolak "monomer" units, it was proposed that the following 
types of monomer units are present in an uncured novolak: 

1. Interna! phenolic rings are viewed as ortho, ortho (2,6-xylenol) or ortho, 
para (2, 4-xylenol): 

OH 

H3C~CH3 

v 
2,6 

OH 

~CH3 
y 

CH3 

2,4 
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2. Terminal phenolic end groups as either o-cresol or p-cresol: 

OH 

Q 
CH3 

o-Cresol p-Cresol 

3. Presence of some free phenol: 

OH 

6 
Thus o- and p-cresols and 2,4- and 2,6-xylenols were considered novolak 
model compounds. Individual reactions of hexa with the above-mentioned 
xylenols, cresols, and phenol showed that when an ortho site is unoccupied a 
benzoxazine structure is formed. Benzoxazines formed with 2,4-xylenol, 
o- and p-cresol and phenol whereas 2,6-xylenolled to benzyl amines. The 
monomerk compound studies suggested the "first point of attack" by hexa to 
novolak with open ortho sites favors benzoxazine while open para site favors 
benzyl amine. The study was extended to all three bisphenol F dimers. 
Similarly benzoxazine structures were observed for all three dimers. When 
two dissimilar ortho positions are present as in o,p' -bisphenol F, the preferred 
attack occurred at the ortho "b" position. 

Solomon established the intermediacy of benzoxazine by attack of hexa 
at vacant ortho position. But if ortho positions are occupied, benzyl amine is 
formed by reaction of hexa at the open para position. 

The curing reaction of novolak resin with hexawas conducted with a con­
ventional novolak with novolak/hexa weight ratios of 80/20, 88/12, and 94/6. 
The novolak resin with 0.15% free phenol possessed eight phenolic repeat 
units and comprised 25% o,o'; 53% o,p'; and 22% p,p' methylene bridges. 
Unsubstituted reactive sites were mainly ortho or 88:12 ortho: para. The curing 
reaction is proposed to occur in two stages (Fig. 2.19): 

1. Formation of initialintermediates such as benzoxazines and benzyl amines, 
(relative amount of each intermediate is dependent on vacant ortho and 
para sites) 
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Novolak Resins 
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Fig. 2.19. Proposed eure of novolak by hexa 



? CH3 
HO 

."-:;; 

Methyl Phenol 

Hydroxy 
Benzaldehyde 

Fig. 2.19 (continued) 

2.4 Mechanism 69 

Amides 

Imides 

Imines 

2. Decomposition, oxidation, and/or further reactions of these initial inter­
mediates into methylene bridges between phenolic rings together with 
various amines, amides/imides, imines, methyl phenol, benzaldehyde, and 
other trace materials 

Besides the generation of benzoxazines and benzyl amines intermediates, 
triazine, diamine-type structures and ether-type structures are also formed 
during the initial curing stage. The combined use of 13C and 15N high resolu­
tion solution and solid state NMR methods provided a comprehensive and 
dynamic observation of the entire curing reaction from starting materials, 
intermediates, even structures emanating from high temperature, post eure 
conditions. 

The novolak to hexa weight ratios of 80/20, 88/12 and 94/6 corresponded to 
1 : 1, 2 : 1, and 4.4: 1 mole ratios of reactive sites in the novolaks to hexa methyle­
nes. Generally each methylene from hexa should join two vacant sites ( ortho or 
para) in facilitating crosslinking, assuming methylenes are only responsible for 
forming crosslinks. Three methylenes from hexa combine with two sites to form 
benzoxazine, while other intermediates such as benzylamines, oxidation/ 
decompositions products such as amides/imides/imines combine a resin site 
with one hexa methylene. These intermediates (benzoxazine and benzylamine) 
can react with free resin sites before or after decomposition. Thus when the 
amount of methylene is low (94/6), hexa provides only one methylene bridge to 
4.4 sites. After the initial intermediate is formed, many reactive sites remain and 
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react with intermediates to form more methylene bridges for crosslinking. Dis­
appearance of most initialintermediates and the formation of a large number of 
methylene bridges occurs at lower temperature in 94/6 composition than in 
those systems with higher hexa content, e.g., 88/12 or 80/20. 

In the 80/20 system, hexa provides one methylene to each site resulting in 
all sites being completely occupied. Hence there are no free sites to react with 
intermediates. Thus more nitrogen-containing intermediates remain after 
curing to 205 °C for 80/20 composition as compared to 88/12 or 94/6. 

The pH of the Novolak/hexa composition is also important. Novolaks are 
moderately acidic while hexa is basic; the use oflow hexa content (94/6) would 
favor a lower pH system and higher reactivity of the system to form initially 
cured intermediates. A lower pH value is also beneficial to decomposition and 
further reactions of initial intermediates. 

Isomerie structure of methylene bridges is noteworthy. para, para-Methy­
lene always increases faster than o,p or o,o as eure temperature increases. This 
suggests that para-bridged intermediate is less stable and easily decomposes 
or undergoes further reactions to form other methylene linkages. Favorable 
stability of ortho bridged intermediates are attributable to structural intra­
molecular hydrogen bond interactions. All ortho intermediates form six­
member ring structures through intramolecular hydrogen bond and stabilize 
the intermediates (Fig. 2.20). para-Bridged intermediates arenot able to form 
six-membered rings through intramolecular hydrogen bond formation. 
Unpublished oligomer model studies support para-linked curing interme­
diates as less stable and decompose and/or undergo further reactions at rela­
tively lower temperatures. 

A summary of the effects of low and high hexa cured novolaks is given in 
Table 2.10. 

The authors state that the chemical structure of the final cured novolak is 
controlled by the amount of initial hexa introduced and ratio of ortho/para 
sites of the starting resin. To obtain a crosslinked network with more stable 
nitrogen-containing structures, a relatively large amount of hexa combined 
with novolak containing a high amount of ortho sites ( usually conventional 
resins are statistically 25:50:25 of p,p':o,p:o,o and o/p active site is >80o/o) 
should be used. Alternately with low hexa and resin with a high amount of 
vacant para sites ( e. g., high ortho novolak), a crosslinked resin network with 
low nitrogen content should be generated. 

Table 2.1 0. RoJe of hexa content on cured novolak 

Novolak/ Reaction Hexa pH Ratio Reaction Active Pate of Nitrogen X-link 
hexaRatio Temp. Amount CH2 Rate Sites Inter- Retained Density 

to sites Remaining mediate Structures 

94/6 Low Low Lower 4.4:1 Faster Many Further Low Low 
reaction 

80/20 High High Low 1:1 Slower None Remains High High 
at 205°C 
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Fig. 2.20. Comparison of ortho and para intermediates 
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These mechanistic studies by Solomon may provide further incentive in 
developing better or improved bond strength in those applications where 
permanent bonds are required with hexa/novolak such as molding materials, 
advanced composites, textile felts, and in temporary bonds such as friction 
and abrasives. 

2.4.1.3 
Non-Hexa Cure 

It was mentioned earlier that non-hexa curing methods consist of the use of 
hydroxymethyl derivatives of phenol, bisoxazolines, bisbenzoxazines, and 
solid resole. 

Bismethylol cresol was identified as a co-reactant in the preparation of 
various cresol novolaks as photoresist materials (see Photoresist section). 
Sergeev and coworkers [124] report the use of a variety of hydroxymethyl 
derivatives of phenols as curing agents for novolaks. Besides bismethylol 
cresol (11) other bismethylol compounds based on cresol trimer (12), cresol 
novolak (13) and Bisphenol A tetramethylol (14) were evaluated: 

OH 

~OH 
CH3 

11 

HOH,C*'5-CH,jOH 

l1:: n 

13 

CH3 3 

12 

H0~20H<XCH20~H vHa I 
HOH2C .& f ~ CH20H 

CH3 

14 

A comparison of curing behavior of hydroxymethyl derivatives and hexa 
with novolak is shown in Table 2.11. 

Using amounts which were comparable in reactive group content as hexa 
control (Table 2.11), all hydroxymethyl materials were satisfactory curing 
agents for novolak with low extractibles as hexa control. Impact strengths and 
ultimate bonding strengths of the hydroxymethyl curing agents were higher 
than the corresponding values for hexa cured novolak. Bismethylol cresol was 
superior to hexa and all others in impact and ultimate bond strength of novo­
lak eure product. 

Studies initially reported by Culbertson of Ashland [125, 125a] indicated 
that bisoxazolines (A), known as 1,3 PBOX, co-react with novolak using tri­
phenyl phosphine catalyst (Fig. 2.21). 
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Table 2.11. Comparison of hydroxymethyl derivatives of phenol and hexa in eure of novolaks 

Curing o/o Wgt" Cure Timeb o/o Extract-
Agent ibles' 

11 36 6.0 2.8 
12 87 7.5 2.6 
13 100 6.5 2.9 
14 38 7.0 2.6 
Hexa 10 5.5 2.7 

a Comparable amount of reactive groups as hexa. 
b 180 °C/min. 
' Acetone extraction/1 h. 

+ 

1,3 P Box 

Fig. 2.21. Reaction of 1,3-PBOX with novolak 

Impact Ultimate bending 
strength (kJ/m2) strength (MPa) 

6.2 108.0 
2.6 41.5 
5.0 64.5 
3.6 69.3 
1.8 38.9 

Bisoxazoline is prepared by reaction of ethanolamine with 1,3-dicyano­
benzene. The ring opening reaction of the bisoxazoline is facilitated by the 
phenolic hydroxyl group with no volatiles being evolved. These fiber rein­
forced polymers based on 40/60 1,3 PBOX and novolak are claimed to exhibit 
low smoke and low heat release (OSU value) and suitable for aircraft interiors. 

Recently Devinney and Kampa [126] described resin transfer molding and 
compression molding of 20 cm. thick glass reinforced composites. The result­
ing polymeric structure, polyester amide resin is named PEAR by Ashland. 
Recently the technology was sold to Pear Development Co. of Toronto, Canada. 
PEAR resin has some favorable properties such as high neat resin modulus 
> 4.8 GPa, excellent toughness, excellent adhesion to glass and carbon fibers 
and metals, excellent long term thermooxidative stability (> 10,000 h aging in 
air at 177 oq, low shrinkage, and favorable F/S/T properties. PEAR compares 
favorably with polyimides. 
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Bisbenzoxazines eo-reaet with novolaks (see Reaetion seetion). A study 
[127] eomparing the euring behavior between bisbenzoxazine and hexa with 
novolak showed that at low eure temperatures the use of bisbenzoxazines in 
the eure of novolak does not emit ammonia, and a lower weight loss of the 
eured produet results. 

Solid resole is also a euring agent for novolaks. Special formulations based 
on solid resole/novolak systems are used in molding eompounds for eleetrical 
applieations and in textile felts for redueed odor in feit. 

2.4.1.4 
Level of eure 

Previously is was stated that the area under the tan c5 eurve ( obtained during 
isothermal DMA) is a measure of residual eure of resin that remains.lt implies 
that both temperature and eure time were insufficient for maximum eure of 
the phenolic resin. But in most instanees eure eonditions of resole or novo­
lak/hexa are adequate sinee the resulting eured phenolic eomponent exhibits 
satisfaetory meehanical properties. 

There are, however, some oeeasions, particularly for molding materials, 
when higher or maximum eure is desired. Landi [128] has deseribed the 
importanee of developing a sufficiently high T g and its signifieanee to pheno­
lie molding material teehnology. T g relates to meehanical strength, modulus, 
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creep, and other viscoelastic properties of cured phenolic resin. Volatile by­
products such as ammonia (hexa cured novolak) and water (resole) are emit­
ted during eure of molding materials. These volatiles result in internal pressure 
which expands a hot molded part causing swelling and/or blistering. Resistance 
of volatile expansion can be achieved by curing the part at a sufficiently high 
temperature resulting in high modulus/high T . 

The determination of sufficient degree of eure for molded materials for 
optimum properties and minimal distortion/blistering was developed by opti­
mizing post eure times through modeling T g· Five molding temperatures from 
132 °C to 218 °C and molding times from 10 to 1800 s were examined (Fig. 2.22) 
using resin RX 611, Rogers Company, Rogers, CT. All the data were combined 
on a single "master curve" (Fig. 2.23) using time-temperature Superposition. 
Tg-time curves can be generated at other temperatures. A mathematical 
expression that relates to the experimental master curve was developed and is 
successful in predicting T g· A user friendly form of proprietary Rogers Corp. 
algorithm has been effective in determining more economical post curing 
cycles in many commercial applications. 

2.4.2 
Toughness/ Alloys/IPN 

Brittle characteristics of phenolic resin have been a constant problern in seeking 
an easy solution, resulting in mediocre improvements. Several methods have 
been used and relate to the specific phenolic intermediate being toughened. A 
method that has been applied mainly to novolak is the direct introduction of a 
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ruhher modifier. Either a ruhher emulsion or Iatex is added to crude novolak 
and then dehydrated (removing water and unreacted phenol) so that the ruhher 
component is uniformly dispersed in the novolak phase. These ruhher modified 
novolaks are used in molding materials and friction linings by curing with hexa. 
They exhibit marginal toughness. Similarly ABS and MBS (methacrylate buta­
diene styrene) particles have been dispersed into novolaks [129]. With 20% 
ABS or MBS, phenolic molding materials exhibit increased charpy impact. 

Another method which is primarily applicable to resoles consists of a co­
reaction of resole methylol with the double bond/acid end group of nitrile 
butadiene ruhher or resole methylol reacting with polyol!isocyanate (PUR 
rubbery phase). The flexible rubbery phase is introduced into the resole phase 
by proposed co-reaction. Studies conducted by Böttcher and Pilato [130] 
resulted in the introduction of an elastomeric phase into the phenolic continu­
ous phase by modification of the phenolic microstructure. Upon curing, the 
elastomeric modified phenolic composition led to a resin whose property 
profile approached that of an epoxy resin. The Bakelite developmental resin 
known as "PLB" exhibited similar flexural strength, interlaminar shear 
strength and peel strength as shown by flame retarded epoxy, and co-cured 
epoxy-phenolic resin systems (see High Peformance and Advanced Compo­
sites chapter). The F/S/T characteristics of PLB were comparable to phenolic 
values. 

Friedrich and Folkers of Ameron [131] described an interpenetrating net­
work system (IPN) based on phenolic resin combined with oligomeric silanol 
or siloxane leading to a toughened phenolic resin system. Filament wound 
pipe based on this novel silicone modified phenolic resin showed better 
impact and hurst strength than phenolic control. Cure conditions of Ameron 
siloxane modified phenolic resins and composites were discussed recently 
[132].A somewhat similar phenolic siloxane resin was reported by BP [133]. 

A technique that has been successful in improving the toughness of epoxy 
resins has been the introduction of thermoplastic, ductile phase into an epoxy 
resin [125a]. By utilizing selective high performance, high Tg, engineering 
thermoplastics such as PES, PEI and others, co-reaction or uniformly dis­
persed systems of thermoplastic/epoxy compositions were obtained. A two­
phase co-continuous composition of the thermoplastic, ductile phase dis­
persed into the continuous epoxy matrix is proposed. An important factor 
that must be considered in the design of a suitable high performance 
thermoplastic resin for use in phenolics is its F/S/T characteristics in addi­
tion to providing an optimum balance of toughness, solvent resistance, heat 
resistance, and processability. Polyaryl ethers are high T g (- 200 °C), high 
modulus/ strength polymerk materials with attractive F/S/T properties. 
Polyaryl ethers with and without hydroxyl end group were evaluated in hexa 
cured novolak [134]. 

In Table 2.12 the effect of co-reacting phenolic terminated polyaryl ether 
resin B resulted in better toughness values and ductility factor values as com­
pared to polyaryl ether resin A which lacked hydroxylend group functionality. 
The authors claimed a semi-IPN resin structure occurred in various stages of 
eure as viewed by TEMs of fractured specimens. They reasoned that the 
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Table 2.12. Properties of polyaryl ether added to phenolic resin 

o/o Thermo- Modulus Yield Fracture Fracture Ductility 
plastic Resin GPa Strength Strength Toughness Factor 

(E) MPa Mpa· m 112 KJ/m2 f.Lill 

(aY) (Kd (Gic) (K1c/aY)2 

0 6.44 343 0.52 0.07 2.2 
15 ResinA 5.60 278 0.97 0.35 12.2 
15 Resin B 5.75 276 0.99 0.28 14.3 
20 ResinA 5.58 270 0.96 0.31 12.6 
20 Resin B 5.58 258 1.23 0.34 22.6 

thermoplastic resin becomes immobilized by reaction during early stages of 
eure and is then locked into a "ribbon-like" or co-continuous morphology. 
Analyses of fracture toughness of these thermoplastic toughened phenolic 
resins as short fiber glass reinforced composites is reported nottobe Straight­
forward [135]. Comparison of user-industry type tests (notched Izod and 
Instrumental Falling Weight Impact (IFWI)) vs fracture mechanics type-tests 
indicate notched Izod test results are erratic when used to evaluate short fiber 
glass reinforced composites based on thermoplastic resin toughened pheno­
lics. Toughness monitared by energy absorbed by IFWI is more meaningful 
although sensitivity in the use of total energy absorbed to fracture is observed 
as low.Authors claim that both initiation and propagation toughness measure­
ments via fracture mechanics analyses are required to measure accurately 
composite toughness. Slow testing speed measurements are easily obtained 
but at high testing speeds (impact type speeds) some mechanical dampening 
of specimen is required to minimize dynamic complications. Measurement of 
propagation toughness can be achieved but the "R" curves (plots of toughness 
vs crack length) are too steep, suggesting multiple fracture mechanisms, and 
complicate toughness interpretation. Thus in some cases phenolic resin 
toughness is maintained in FRP systems based on "PLB" and silicon modified 
resole resins while novolak/hexa systems toughened with thermoplastics are 
anomalous. Non-FRP toughened hexa cured novolaks are indeed tough 
(Table 2.12) whereas short fiber glass reinforced toughened materials are dif­
ficult to measure by a variety of impact or fracture toughness tests. Obviously 
more testing is necessary to measure these short fiber reinforced composites 
based on toughened phenolics. 

2.4.3 
Hazardous Occurrences 

Phenol formaldehyde resin preparations are very exotherrnie and circum­
stances such as loss of cooling, loss of agitation, and mischarge of catalyst 
and/or reactants can lead to uncontrollable self-heating conditions. Kumpinsky 
[136] has examined resole type runaway reactions and separately pH effects 
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on phenolic resin runaway reactions. Using "reactive system screening tool" 
(RSST) many small scale experiments were conducted to explore many of the 
variables that contribute to runaway reactions. He found that "potential run­
away" reactions are very mild at a pH region between 2 and 7 regardless of 
molar ratio of P to F. However the extent of the runaway reaction is highly sen­
sitive at a pH below 2, becoming quick and energetic at low pH. At high pH 
region of runaway reaction, he conducted several experiments at pHs of 7.54, 
8.07, and 9.40 and noted that the addition reaction (F added to P is dominant 
up to 90-95°C) was followed by condensation reaction above 100°C. The 
author recommends that commercial resin compositions be tested for warst 
case scenario, e.g., at the low pH Iimit of the operating procedure for acidic 
catalysis and at the high pH Iimit for alkaline catalysis with RSST conditions. 

2.5 
Summaryflrends 

The chemistry of phenolic resins is summarized by considering new synthetic 
techniques for the preparation of monomeric/dimeric components for resoles 
and novolaks followed by oligomerization leading to resole resins and novo­
lak resins. New mechanistic studies of resoles identify different degrees of 
reactivity of various methylolated phenols and substitution patterns of the 
resulting oligomers. Similarly Substitution pattern, branching, and residual 
phenol content is observed by monitaring novolak preparation via 13C NMR. 
Different types of novolaks such as random, high ortho, and several modified 
novolaks are described along with enzymatic preparation of novolaks without 
formaldehyde. 

Reactions directed to the phenolic hydroxyl of novolak resin by appending 
epoxy, allyl, benzyl, cyanate, or ring formation to benzoxazine result in many 
potentially large volume products for many market areas. The newly func­
tionalized materials such as cyanate ester and benzoxazine offer promise in 
many high temperature demanding applications ( electronics, primary struc­
tural components for aircraft, aerospace/military) which arenot attainable by 
phenolic resins since no by-products (water, etc.) are formed. 

New mechanistic evidence for resole eure and hexa/novolak eure is dis­
cussed and consists of recent studies showing mechanistic pathways and 
structural identity of most components present in fully cured phenolic resins. 
The Ievel ofhexa and the ratio of ortho to para active unoccupied sites in novo­
lak dictate cured product structure. Non-hexa eure of novolaks and Ievel of 
eure/post eure conditions provide additional options in novolak eure and 
improved mechanical properties. 

New toughened phenolics using co-reaction conditions of elastomeric or 
silicon containing materials with resole or co-eure of selected thermoplastics 
in novolak/hexa composition exhibit improved toughness in the final product. 

Recent studies by Kumpinsky provide guidelines for avoiding exotherrnie 
runaway reactions under acidic or basic conditions through the use of "reac­
tive system screening tool" in conjunction with small scale experiments. 
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CHAPTER 3 

Production of Phenolic Resins 

Commercial production of phenolic resins is presently carried out in batches 
of about 1-50 tonnes; the reactors used for this purpose can have capacities of 
about 1-60 cubic meters. From Baekeland's tiny cooker unit from 1910 
(Fig. 3.1) to large-scale, computer controlled production facilities of today 
(Figs. 3.2 and 3.3), a long arduous route of development has been achieved 
through extensive diligence and technical competence. Since appropriate, safe 
handling and control of the heat evolved by the exotherrnie reaction represent 
the main problems encountered in phenolic resin synthesis when the batch 

Fig. 3.1. Bakeland's original 
reactor, 1910 
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Fig. 3.2. Phenolic resin production reactor, 1998 (Photo: Bakelite AG, lserlohn) 

Fig. 3.3. Computer controlled production of phenolic resin, 1998 (Photo: Bakelite AG, Iserlohn) 
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size is increased, the utilization and removal of this heat must be considered 
as the key issue of all phenolic resin technology. The water contained in the 
30- 55% formaldehyde solutions used mainly as reactants tagether with the 
phenolic raw materials represents a heat sink for the liberated heat of conden­
sation that is utilized tagether with other energy to sustain the reaction. 

As shown in the flow diagram in Fig. 3.4, the core of a resin production line 
is thus a sealed reactor that is capable of operating under vacuum, includes an 
agitator and heating jacket, and is further equipped with a reflux condenser, 
chiller, and receiver. The materials currently used for these vessels are, ideally, 
various grades of alloyed steel that prevent discoloration of the resins that can 
occur by even traces of iron. The reaction may be carried out in a single step 
or as a multistage process; the water may be decanted if appropriate, but is 
generally removed by distillation (for example during production of novolaks), 
or may in part remain in the resin (aqueous resoles). At present, reduction of 
the free phenollevel by special distillation procedure (particularly in the case 
of novolaks) and reduction of the free formaldehyde level in aqueous resoles 
also represent important process considerations. 

The size of reactor tobe used also depends on the reactivity of the reactants 
and that of the finished resin at elevated temperatures. Thus, solid resoles are 
produced in small batches that can be quickly discharged into special chiHing 
equipment (such as slab chillers). Liquid aqueous resoles and phenolic resin 
solutions are generally produced in medium-size batches; high volume utili­
zation of the resin reactor is possible, the amount depending on the resin 
content of the product. 

Decanting and washing processes may be necessary to achieve particularly 
high final product purity levels in production of special-purpose products 
such as coatings and adhesives resins, for example alkylphenolics and ether­
ified resins. 

Today, standard phenolic novolaks and aqueous resoles (for example wood 
adhesives or fiberbonding resins) can be produced in large batches, although 
this requires detailed control of all individual operations involved in the over­
all synthesis by means of computer programs. Malten phenolic novolak is 
discharged onto chilled conveyer belts, possibly following interim storage in 
heated containers. The resins are then crushed, and if appropriate for further 
processing, mixed with curing agents and miscellaneous additives before 
being milled in powder resin grinding equipment to yield highly dispersed 
powder resins. Based on the above description it follows that a modern large­
scale plant for production of phenolic resins can be divided into the following 
segments: novolak plant, plant for aqueous resoles, resin solution plant, plant 
for solid resoles and modified resins, and possibly a powder resin plant. 

Novolaks (molar ratio of phenol to formaldehyde about 1:0.7-1 :0.9) were 
previously manufactured using the one-stage process (small batch sizes), i.e., 
the reaction components and catalyst were charged to the reactor, and the 
reaction initiated. As the reactor volume increased, it became necessary to 
control the temperature by means of gradual addition of formaldehyde. 

Dilute hydrochloric acidwas frequently used as a catalyst for production of 
novolaks, but this led to an increased tendency to corrosion of the reactor 
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components. Sulfuric acid is less corrosive, but requires careful neutralization. 
A similar statement applies to phosphoric acid. Ortho-condensed novolaks are 
produced using acidic salts of divalent metals, for example zinc acetate. 
Various organic acids are also used as catalysts. 

A modern novolak synthesis includes the following general process stages: 

- Raw material charging and heating phase 
- Formaldehyde addition 
- Post -condensation 
- Normal pressure distillation 
- Vacuum distillation 
- Discharge of the reactor 

In-line analyses such as the index of refraction and melt viscosity of the 
resin can indicate when the individual stages of the reaction have been attained. 
If a resin is to be brought into solution, this is best achieved following the 
distillation stage, possibly in a separate mixing tank. 

The following batch represents an example of a novolak synthesis. 

3.1 
Production of Novolak 

Phenol (1410 g, 15 mol) is heated to 100 oc in a three-neck flask equipped with 
a stirrer, dropping funnel, and reflux condenser. Oxalic acid ( 14 g) is charged 
to the phenol melt. A SO o/o solution of formaldehyde (720 g, 12 mol formalde­
hyde) is added dropwise with stirring at 100 °C. After the dropwise addition is 
complete, the reaction mixture is refluxed until the Ievel of free formaldehyde 
is below 0.1 o/o. The post-condensation period is about 1.5 h. The water is then 
removed by distillation and the reaction mixture finally vacuum distilled at 
temperatures up to about 180 oc until it reaches a melt viscosity of about 
1000 mPa s at 175 °C. The resin melt is poured out on a metal sheet to cool. The 
resin exhibits a melting range of 90-100 oc (ISO 3146, A) and a "B" (gel) time 
of 1.5-2.5 min at 150 oc with 10% hexa (ISO 8987). 

Production of phenolic novolaks using a continuous process [ 1] is only of 
interest when the grades of resin produced in a plant are rarely changed. 
Figure 3.5 shows a simplified flow diagram of a continuous novolak synthesis 
(Euteco process). In this method, an aqueous resin is produced in several 
columns connected in series, the mixture separated in a storage tank, and the 
resin phase dewatered and freed of phenol by distillation in one of the two 
alternately used parallel reactors. The novolaks produced in this manner are 
very uniform in quality. 

Powdered resins (mostly with hepa) produced in powder resin plants are 
required for various phenolic novolak applications. As shown in the flow dia­
gram (Fig. 3.6), such a milling plant is made up of metering equipment, a 
precrusher, premixer, mill, and a finishing mixer. Special precautions involving 
antistatic equipment, flue gas treatment, and other measures must be careful­
ly observed for reasons of workplace safety and environmental protection. 
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Resales are classified into three types with their own individual resin 
formulations and production processes: 

1. Solid resoles discharged in the form of molten resin 
2. Resoles that are brought into solution in the final stage of the synthesis 
3. Aqueous resoles obtained without further processing. 

Critical temperature control during the synthesis and a very exact determina­
tion of the end points of the individual stages of the process-condensation, 
post condensation, distillation, etc. - are required in all cases. In the case of 
aqueous resoles, the temperature at which the product is placed in a container 
is also important, since such resins undergo temperature-dependent post­
curing and generally exhibit only limited storage life. Depending on the type 
of resin, the molar ratio of phenol to formaldehyde varies greatly, and can 
range from 1 : 1.1 to 1 : 3. Catalysts include alkali metal hydroxides, sodium 
carbonate, alkaline earth hydroxides, ammonia, various amines, and for pro­
duction of ortho-condensed resoles [2, 3] specific heavy metal salts such as 
zine acetate. Alkali metal hydroxides are generally left in the resin, whereas use 
of calcium or barium hydroxide offers the possibility of precipitating and 
separating the metals as their sulfates. The following resole batch provides an 
example for production of a liquid phenolic resole. 

3.2 
Production of Resoie 

Phenol (940 g, 10 mol),37o/o formalin (1216 g, 15 mol) and 50% sodiumhydro­
xide solution (18.8 g) are charged to a 4-1 three-neck flask equipped with a 
stirrer, reflux condenser, and contact thermometer. The refractive index of the 
solution is about 1.4410 at 25°C. The mixture is heated to 60°C and the tem­
perature allowed to rise to 100 °C over a period of ab out 30 min; if necessary, 
the temperature is adjusted by cooling with water. The reaction mixture is then 
allowed to react forafurther 15-min period (refractive index 1.4800 at 25 °C). 
Following this reaction period, the resin is vacuum distilled until the viscosi­
ty is about 2000 mPa·s at 20 oc. The approximate gel time is 65 min at 100 °C 
and 9 min at 130°C (ISO 9396,A); the nonvolatiles level (ISO 8618) is approxi­
mately 78% by weight. 

3.3 
Continuous Processes 

Continuous processes for production of aqueous phenolic resoles are also 
described in the patent literature [4-10] and are suitable for manufacture of 
novolaks (Figure 3.5). This continuous production is generally initiated in 
multiple reactors of various design connected in series. Continuous resole 
synthesis is economically and technically appropriate in situations where large 
quantities of products exhibiting highly uniform quality are required, for 
example in the case of binders for chipboard or mineral wool. 
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CHAPTER 4 

Structure (Methods of Analysis) 

4.1 
lntroduction 

Structure property relationships provide a description of the many resin 
characteristics which guide the resin designer in the selection of phenolic 
resins for the intended application. Resin characteristics such as hydro­
dynamic volume or size, functionality and/or molecular configuration, solu­
tion properties describing the structural attributes of the phenolic resin in 
various solvents, mechanical property guidelines and fire behavior of pheno­
lics especially fire/smoke/toxicity (FST) criteria are described. 

Structural characteristics of phenolic resins differ for resole and novolak 
resins and relate to method of preparation, monomer/oligomer functionality, 
level of condensation, and final form of the resin (liquid or solid). Novolaks are 
solids while resoles can be liquid materials in aqueous or solvent media or 
solid resin. 

Compositional structure and methods of determination are discussed as 
well as solution properties of resins. The importance of mechanical properties 
and fire behavior of phenolic resins is discussed since phenolic materials are 
utilized in a myriad of applications. 

4.2 
Structural Characteristics 

4.2.1 
Hydrodynamic Volume Characterization 

Many chromatographic techniques have been used to analyze phenolic 
materials in relation to the hydrodynamic volume ( size) of the solvated 
species. Different methods of chromatography and types of Separation/resolu­
tion of phenolic resins are shown in Table 4.1. 
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Table 4.1. Chromatographie methods 

Gas(GC") HPLCb SECC Gel(GPCd) scpe Paper/thin 
layer [1] 

Phenol • • • 
Dimer, Trimer • • • 
Low Mw oligomer • • 
Med Mw oligomer • 
HighMw • 
• Gas Chromatography. 
b High Performance Liquid Chromatography [2]. 
c Size Exclusion Chromatography [3]. 
d Gel Permeation Chromatography. 
• Supercritical Fluid Chromatography [4]. 

4.2.1.1 
Chromatography 

• 
•• 
•• 
• 
• 

• • 
• 
• 
• •• 

Chromatographie methods are applicable to the analyses of both resole and 
novolak resins (see ISO 11401). HPLC has been effective in establishing and 
identifying many components contained in resins. Grenier-Loustalot [ 2] has pre­
pared many known polymethylolated phenols, dimers and identified the pheno­
lic materials through 13C and 1 H NMR, FTIR and UV methods, unambiguously 
identifying most components in liquid resoles in a series of publications related 
to resole mechanism ( see chapter on Chemistry, Reactions, Mechanisms ). 

Gel Permeation Chromatography (GPC) is the method of choice for 
examining MW distribution of phenolic resins. Usually MW determination is 
made using monodisperse polystyrene as calibration standard and provides a 
qualitative measure of phenolic resin MW. The reported MW values for re­
soles and novolaks are approximate and relate to polystyrene values. The !arge 
number of isomers due to methylene linkage of phenolrings (o,o', o,p~ and 
p,p ') for either resoles or novolak as weil as the perishability of resoles presents 
a challenge to anyone desiring to develop calibration standards for phenolic 
resins. Yet Solomon and coworkers [5] have developed a novolak composite 
calibration standard (see Chemistry, Reactions, Mechanisms chapter) by 
developing three calibration curves, each curve representing methylene link­
age of o,o', o,p', and p,p'type oligomers. Improved MW values of commercial 
novolaks were obtained through the use of the newly developed curves. 

4.2.2 
MALDI 

A new technique for MW determination and end group analysis is MALDI-MS­
matrix assisted laser desorption-ionization mass spectrometry. The MALDI­
MS soft ionization technique developed by Karas and Rillenkamp [ 6] has been 
used successfully to determine the mass of !arge biomolecules and synthetic 
resins. Paschet al. [7] and Hay and Mandal [8] applied MALDIto examine 
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phenolic resins. A MALDI spectrum (Fig. 4.1) from Pasch's studies show a 
spectrum for a novolak resin. Peak to peak mass is 106 g/mol and equivalent 
to the mass of the phenolic resin chain repeat unit. Peaks represent M +Na+ 
molecular ions which occur by Na+ attachment to the end group. Na+ emerges 
from the substrate. According to Paschthemasses of the oligomers is M + Na+ 
equal to 223 + 106 m with m representing the degree of polymerization, 
and 223 g/mol is the mass of the end group with the attached Na+ cation. The 
insert portion of the Fig. 4.1 spectrum shows an accompanying peak of 
lower intensity and is due to the mass difference between Na+ and K+ or 
15-16 g/mol. The peak is the mass plus K+ molecular ions. MALDI-MS of 
resoles is more complicated as is shown in Fig. 4.2. In a similar manner mole­
cular ions based on M +Na+ are obtained. Structures for compounds 1-8 are 
shown in Fig. 4.2. MALDI-MS identified hemiformal structures 3 and 4 with 
4 differing from 3 by an additional formaldehyde unit. Compounds that are 
structurally different but contain the same mass cannot be distinguished by 
MALD I-MS ( 5 a and 5 b, others ). Pasch suggests that the resole may be regarded 
as a copolymer of average structure, PA FB where A represents the number of 
phenol rings and B the number of attached formaldehyde units: 

{Al_ Al_ OH} VrH,(OCH,J.~H,(OCH,)y-6 (CH,OH), 

A=m+2 
B = (x + 1 )n + (y + 1) + z x, y : 0 or 1 
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Fig.4.2. MALDI-MS, resole resirr (structures 1-Sa, Sb below), x, •· .&., 0, e =Dimers, 
Trimers, etc. 
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7b 

OH OH 

HOH2CyYCH2yYCH20H y y 
CH20H CH20H 

Sa Sb 

Fig. 4.2 (continued) 

Thus for structure 9 a or 9 b, A = 2 and B = 6 leading to 

OH OH 

HOH2CyYCH2~CH20CH20H 

y y 
CH20H CH20H OH OH 

9a HOH2cyYcH2ocH2ACH20H y y 
CH20H CH20H 

9b 

Other structures represented by various symbols in the spectrum follow the 
same scheme whereby different peaks (M/Z) are tabulated in the publication. 

Hay and Mandal [8] prepared novolaks under conditions which resulted in the 
oligomer being end-capped with m-xylene. The sulfuric acid catalyzed reaction of 
p-t-butyl phenol with formaldehydewas conducted in m-xylene to facilitate the 
removal of wateras a m-xylene azeotrope. MALDI spectrum (Fig. 4.3) exhibited 
the presence of two series of oligomers when n varied from 2 to 14. One series -
643, 805, 967, etc.- is attributed to 4-t-butyl phenol novolak with lithium cation 
while the other series (beginning with 599 and followed by smaller peaks preced­
ing 805,967, etc.) are those novolak oligomers which are end-capped with xylene 
and lithium cation. The following equation describes the end-capping reaction: 

(4.1) 

R R R n 
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Fig. 4.3. MALDI-TOF 4-t-butyl phenol novolak/m-xlene end capped 

When the novolak preparation was conducted in chlorobenzene with ion 
exchange resin, only 4-t-butylphenol novolak was obtained with no trace of 
any side products (end capped groups) present in the MALDI spectrum. 

4.2.3 
Compositional Structure 

4.2.3.1 
Oligomer, Uncured Resin 

Resin compositional structure and functionality is determined by methods 
involving NMR, FTIR, and UV. NMR is the most desirable technique encom­
passing such nuclei as 1H, 13C, 1sN and 31P. Differenttypes of structural/func­
tional features of soluble resins can be analyzed by NMR (Table 4.2). 

4.2.3.2 
Cured Resin 

Solid state NMR has been widely used to determine mechanistic pathways and 
ultimate structure of wholly crosslinked resole and novolak resins ( see chapter 
on Chemistry, Reactions, Mechanism) with 1H, 13C, and 1sN being used [10]. 



Table 4.2. NMR character­
ization of soluble phenolic 
resins [ 2, 9] 

o,p-methylene 
Branching 
End group 
Functional group (CH20H) 
Hexa/amine resirr 
Mn 
Degree of polymerization 
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lH lJC l3N 3lp 

• • 
• 
• • 

• • 
• • • 

• 
• 

Further different NMR relaxation techniques (T 2 ,T 1 ,T 1r) have been effec­
tive in monitaring eure, crosslink density and uniformity of cured resole com­
posites [ 11 - 13]. 

4.3 
Solution Properties 

Dilute solution properties of phenolic resins depend on solvent type, solvent 
interaction, and molecular configuration of the resin. The Mark Hauwink 
Sakarada relationship, [ q] = Kma resulting from a log log plot of intrinsic 
viscosity and molecular weight, provides values for Huggins constant, K, as 
intercept and a as slope. Numerical values of a describe whether the polymer 
is linear, branched, or coiled while K describes a linear or associated resin: 

a> 0.5 
a < 0.5 
K- 0.3-0.4 
K > 0.5 

4.3.1 
Novolaks 

- Linear polymer 
- Branched, coiled polymer 
- Linear polymer 
- Molecular associated polymer 

In Table 4.3, MHS data for several novolaks are presented. Values for a vary 
from 0.2 to 0.5 and indicate branched, coiled polymer configuration for all the 
novolaks. Huggins constant (K) values are quite variable from low values of 
0.02, 0.08, to above 1.0. Low values would indicate polymer linearity; however 
the value of 0.08 for high ortho novolak may be anomalaus and relates to a 
later discussion of all ortho novolak. 

4.3.2 
Resales 

Determination of MHS data for resoles is more challenging due to variable 
solubility and instability of resole resins. MW determination by GPC or other 
methods have led to high or fluctuating values attributable to apparent mole-
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Table 4.3. MHS data of novolaks 

[ rzl Novolak Solvent TEMP°C Mn Author 

0.019 M~·47 Random Acetone 25 1000-8050 Tobiason et al. [14] 

0.631 M~·28 Random Acetone 30 370-28000 Kamideand 
Miyakawa [15] 

0.80M~·28 Random THF 25 540-4700 Ishida et al. [16] 

1.075 M~i0 Random Acetone 20 Ishida et al. [ 17] 

0.0813 M~5 High ortho Acetone 30 690-2600 Kamideand 
Miyakawa [15] 

0.406 M~·35 Resorcinol Methanol 30 720-4110 Kim et al. [18] 

Table 4.4. MHS data of acetylated resoles 

Resole [rzJ Solvent Temp. Mn Author 
(oC) 

Partideboard 1.196M~·23 CHC13 25 1650-5600 Kim andAmos [19] 

1.735M~· 12 Benzene 25 1650-5600 

Plywood 0.77M~21 THF 25 2200 -114,000 Kim et al. [20] 
1.16M~Is Ethyl Acetate 25 2200 -114,000 

NaOH Catalyst 0.099MS·18 THF 25 800-111,000 Larent and Gallot [21] 
(non-acetylated) 

cular association when solution medium is changed from strongly alkaHne to 
a less alkaHne aqueous solution or a wholly organic solvent [3]. This behavior 
is specific to wood adhesive resoles which are strongly alkaHne aqueous solu­
tions and deteriorate on storage. Hence Kim and coworkers [19, 20] relied on 
acetylation as a means of improving resole stability during solution studies 
(Table 4.4). 

Acetylated resoles used in manufacture of particle board and plywood 
panels yielded reasonably similar exponent values. Higher exponent values of 
0.21 and 0.23 were obtained in polar solvents (CHC13, THF) and indicated a 
highly branched, coiled polymer. Similarly Huggins constant, K, values ranged 
from 0.77 to 1.7 and were indicative of a highly associated polymer structure. 
An early study of a non-acetylated, NaOH catalyzed resin reported by Laurent 
and Gallot [21] exhibited a similar a value of 0.18 but an unusually low 
Huggins constant (K) of 0.1 suggesting a linear polymer. 

4.3.3 
Amine Catalyzed Resoles 

Resoles catalyzed by primary amines have also been examined by Ishida and 
coworkers [ 16]. The reaction of phenol and formaldehyde with either ethylene 
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diamine (ED) or hexamethylene diamine (HD) results in resoles that incorpo­
rate the amine within the resole microstructure: 

(4.2) 

Data contained in Table 4.5 show MHS values for resoles catalyzed with ED 
and HD that are non-acetylated and acetylated. 

These amine catalyzed resoles are also compared with an ammonia cata­
lyzed resole. Non-acetylated amine catalyzed resoles as well as ammonia cata­
lyzed resole exhibit similar a and K values indicating branched, coiled, and 
associated polymers while acetylated products have a values approaching 0.5 
and greater suggesting linear polymers. Similarly K values below 0.3 suggest 
linear resin structures. Random novolak (entry 5, Table 4.5) followed a similar 
pattern as the non-acetylated and acetylated amine resoles. 

The effect of substituents present in the amine or phenolwas also examin­
ed [16]. N,N'-dimethyl hexamethylene diamine (MHD) catalyzed the phenol/ 
formaldehyde reaction yielding a resin identified as P-MHD while p-cresol/ 
formaldehyde was catalyzed by either HD of MHD yielding PC-HD and 
PC-MHD designated resins (Table 4.6). 

Data for a and K indicate that resins are coiled, highly associated, and un­
affected by the presence of substituents in either the amine or phenol. 

Table 4.5. Amine catalyzed 
resoles• 

Table 4.6. Effect of substi­
tuents on amine catalyzed 
resoles 

Ethylene diamine (ED) and Hexamethylene diamine(HD) 

Resin type 

HD 
ED 
Ammonia resole 
Random novolak 

• THF,25°C. 

Resin type 

HD 

PC-HD 
P-MHD 

PC-MHD 

[rzl 

[IJ] Non-acetylated 

0.55 M~·32 

0.45 M~·34 

0.73 M~·27 

0.80 M~·28 

0.40 M~·34 

0.39 Mg·32 

0.57 M~·32 

0.50 M~·29 

[ 17] acetylated 

0.19 M~.43 

0.14M~·44 

0.04 M~57 

0.09 M~·48 
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bimolecular conformations (dimer, trimer) 

RCH,~ 
CH2 ,O··H-Q_ -bCH2 

H H -

0: p ~ II 
H H \ , c 

C~O-H··Oö~ H2 

V -
cyclic conformations (tetramer, hexamer) 

calix[4]arene calix[6]arene 

Fig. 4.4. Pseudo cyclic conformations of"all ortho" linear novolaks 
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4.3.4 
"All ortho" Novolaks 

The Yamagishi/Ishida group extended solution property studies to "all ortho" 
novolak system by preparing wholly ortho oligomers from dimer to heptamer 
of phenol formaldehyde resin [ 22]. Strang hydrogen bonds were formed when 
these oligomers were examined in chloroform. Both phenol and 4-t-butyl 
phenol oligomers exhibited hydrogen bond phenomenon. Evidence for dimer 
and trimer ernerging as bimolecular conformations such as tetramer and 
hexamer (Fig. 4.4) via intermolecular hydrogen bond and analogaus to 
calix[4]arene and calix[6]arene was presented. Similarly intramolecular 
hydrogen bonds within the linear tetramer and hexamer resulted in pseudo 
cyclic conformations in chloroform. These strong hydrogen bond observa­
tions of"all ortho" novolak may have contributed to the low K value observed 
by Kamide (Table 4.3). 

4.4 
Complexation 

4.4.1 
"All ortho" Novolaks 

Sone et al. [23] have found that linear all ortho novolak oligomers (dimer to 
hexamer) form inclusion compounds or complexes with selective solvents such 
as benzene, chloroethanes, cyclohexane, toluene, and others. The Yamagishi/ 
Ishida group [24] appended an ethyl acetate group to the "all ortho" oligomers 
of p-t-butyl phenol novolaks: 

4.4.2 
Ethyl Acetate Appendage 

Cation extraction properties of these materials were compared with the 
corresponding ethyl acetate group appended to t-butyl calixarene system. 
These linear ethyl acetate oligomers exhibited an affinity and selectivity 
toward alkali metal cations but were transient complexes and not permanent 
as the corresponding calixarene OEs (see later). As an example the authors 
showed how linear pentamer (SBP-Es) was able to complex sodium cation by 
forming a "cyclic conformation" similar to calix[4]arene (Fig. 4.5). 
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Fig. 4.5. Complexation of sodium ion by linear pentamer (SBP-Es) 

4.4.3 
Trioxyethylene Ether Appendage 

Expanding these structure property relationships of linear "all ortho" novolak 
oligomers to a series of ethyl acetate and trioxyethylene ether derivatives of 
"all ortho" linear oligomers of 4-t-butyl phenol (n = 1 - 7) [25], cation extrac­
tion properties were determined and compared with the corresponding 
calixarene (m = 4, 6, 8) materials: 

n R' 

4Es 4 -CH2C02CH2CH3 

6Es 6 -CH2C02CH2CH3 

SES 8 -CH2C02CH2CH3 

m R m R 
2BP-Es 0 -CH2C02CH3CH3 2BP-OE 0 -(CH2CH20hCH3 

+ + + + + + OR OR OR 7BP-Es 5 -CH2C02CH2CH3 7BP-OE 5 -(CH2CH20hCH3 

Extraction results ofBP-Es or BP-OE for alkaHne earth metal cations showed 
that the affinity of BP-Es was greater for alkaline earth cations as compared to 
alkali cations. However the heptamer oligomer (7BP-Es) exhibited a preferable 
affinity for Sr+2 and Ba+2.Authors claim that selectivity ofBP-Es oligomers may 
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18-crown-6 
Fig. 4.6. Complex structure of n BP-OE with alkali metal cation 

be dependent on ionic size as well as ionic charge density. The linear heptamer 
(7BP-Es) displayed a higher extraction ability for larger alkaline earth cations 
(Sr+2, ßa+2) and similar to calix[8]arene. (SEs). 

Both the heptamer and calix[8]arene areflexible and the higher affinity of 
7BP-Es for alkaline earth cations is probably due to its greater conformational 
flexibility. 

The extraction profile of the trioxyethylene etherderivatives (nBP-OE) was 
completely different to the nBP-Es series. The nBP-OE preferred the larger 
alkali cations (K+, Rb+, es+) rather than Li+ or Na+. Furthermore affinity 
was higher for even numbered BP-OE than odd numbered BP-OE. Extraction 
is facilitated by a complex structure related to a cylic crown ether structure 
(Fig. 4.6) rather than cavity formation. 

4.5 
Mechanical Properties 

The determination of mechanical properties is of fundamental importance for 
all resin systems. Although other properties such as flame resistance, thermal 
stability, and chemical resistance are important for most applications, all poly­
mers regardless of use must exhibit a specified range of mechanical properties 
suitable for the end use application. Tensile, compressive, flexural strength 
(and corresponding moduli), impact resistance and Tg or HDT are most 
important. Related properties provide a measure of how much stress a resin 
sample will withstand before failing and further provide guidance in the 
design of the fabricated part. In most instances phenolic resole or novolak 
resin is combined with various substratessuch as wood (to plywood, particle­
board), sand (foundry products), mineral fillers, wood flour, cellulose or glass 
(molding materials), alumina (abrasives), mineral or glass (insulation), paper 
(laminates), woven glass or carbon fiber (FRP), and the mechanical properties 
of these resulting cured compositions are determined. 
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4.6 
Fire Properties 

Most thermoplastk and thermosetting polymers are flammable and burn 
as long as a source of flame is present but cease burning when the flame is 
removed. Few polymers are inherently non-flammable and these include 
phenolic, PMR-15, polyphenylene sulfide, PEEK, polyarylethers, and poly­
sulfone. Some newer non-flammable materials within the phenolic resin 
family are novolak cyanate esters and polybenzoxazines (see chapter on 
Chemistry, Reactions, Mechanisms). The prime focus of phenolic resins and 
their fire properties relates to fiber reinforced composites and their corres­
ponding FST behavior. Schematkally the dissipation of heat and flame is 
shown in Fig. 4.7 for a fiber reinforced phenolic composite. Burninglcharring 
occurs in several stages. The flame front or external heat source increases the 
composite temperature leading to the development of a glassy, dense carbon 
char with some gaseous materials being emitted. The char region becomes a 
heat shield by insulating the composite interior. FRP systems based on phenol­
k/carbon fiber are the prime materials for rocket propulsion and for shuttle 
reentry surfaces and other aerospace applkations exposed to extreme tem­
peratures. 

Since synthetk polymers are used increasingly as the matrix resin for FRP 
products in construction and transportation, non-flammable polymerk 
materials are desired. Besides flammability the polymerk materials should 
emit little or no smoke and/or toxic gases during combustion. Fire safety is a 

-+- Dense carbon char 

-+- Nascent porous char 

-+- Volatilization of 
decomposed species 

-+- Decomposition 

-+- Virgin system 

Fig. 4.7. Ablation of a fiber reinforced phenolic composite 
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priority especially in facilities where persans congregate or modes of trans­
portation such as aircraft, rail, bus, or marine conveyances are used and limit 
passenger egress. A familiar acronym has evolved within the last decade being 
identified with flame, smoke, toxicity.lt is FST and applies to fire safe or resis­
tant composites ( see High Performance and Advanced Composites chapter for 
fire testing of composites; see Insulation Chapter for fire testing of foams). 

Fire safety and testing have evolved due to the rapid expansion of civil avia­
tion as the dominate means of long distance travel. From the rudimentary 
Bunsen burner testing protocol to the current extensive fire testing procedure, 
the combined efforts of material suppliers, aircraft manufacturers, and the 
regulatory agencies have resulted in the development of many fire resistant 
composites that have been incorporated within the aircraft interior, many of 
which are based on a phenolic resin matrix. 

Fire tests specific to composite for transportation and construction are 
Tunnel Test (ASTM E-84), OSU Total Heat Release and Peak Heat Release, 
Surface Flammability (ASTM E-162), Smoke Density (ASTM E-662), Cone 
Calorimeter (ASTM E-1345), and Oxygen Index (ASTM-D-2863). 

4.7 
Summary/Trends 

Structural aspects of phenolic resins encompass hydrodynamic volume deter­
minations via various chromatographic techniques. Molecular weight deter­
minations obtained by GPC are approximate and due to the use of polystyrene 
calibration methods. A new calibration method based on a novolak calibration 
standard of three curves has yielded improved Mw values for commercial 
novolaks. A similar calibration method for resole remains elusive due to the 
difficulty of preparing pure resole isomerk configurations with a correspond­
ing resole limited stability. A new method for Mw determinations of phenolic 
resins is known as MALDI-MS and provides masses of novolak and resoles 
oligomers and end groups other than the phenolic repeat unit. 

Compositional and functional characteristics of uncured and cured 
phenolic resins rely mainly on 1 H and 13C NMR in solution or solid state. Diffe­
rent NMR relaxation techniques (T2 , T1 , T1~') are used to monitor eure, cross­
link density, and uniformity of cured resole composite. Dilute solution proper­
ties of novolaks and resoles in conjunction with the Mark Hauwink Sakarada 
relationship indicate, in most cases, phenolic resins (novolaks, resoles, amine 
catalyzed resoles) are branched, coiled, and molecularly associated polymers. 
Attempts to apply MHS conditions to "all ortho" novolak oligomers resulted in 
the observation that these materials in CHC13 form bimolecular conforma­
tions (dimer, trimer) or pseudo cyclic conformations (tetramer, hexamer) 
analogaus to calixarenes. By appending either ethyl acetate group or trioxy­
ethylene ether group to the "all ortho" novolaks selective cation extraction of 
alkali and alkaline earth cations was observed. The appended ethyl acetate "all 
ortho" novolak closely resembled calixarene in alkali cation extraction while a 
proposed cyclic crown ether structure formed by two adjacent trioxethylene 



106 4 Structure (Methods of Analysis) 

ether groups in the "all ortho" novolak facilitates extraction of alkaline earth 
cations rather than cavity-calixarene type material. 

The importance of mechanical and fire properties in the final phenolic com­
position was emphasized. Fire properties or FST characteristics are critical in 
those FRP applications which are directed to construction and transportation 
industries. 

Heferences 

1. Raub H-G (1997) Bakelite AG (private communication) 
2. Grenier-Loustalot MF, Larroque S, Grenier P, Leca JP, Bedel D (1994) Polymer 35(14): 

3046; Grenier-Loustalot MF, Larroque S, Bedel D (1996) Polymer 37(8):1363; Grenier­
Loustalot MF, Larroque S, Bedel D(1996) Polymer 37(6):939; Grenier-Loustalot MF, 
Larroque S, Grenier P, Bedel D (1996) Polymer 37(6):955 

3. SeilersT Jr, Prewitt ML (1990) J Chromatogr 513:271 
4. Allen RD, Chen RJR, Gallagher-Wetmore PM (1995) SPIE 2438:250,261 
5. Dargaville TR, Guerzoni FN, Looney MG, Shipp DA, Solomon DH, Zhang X (1997) J Poly 

Sei Part A Poly Chem 35: 1399 
6. Karas M, Rillenkamp F ( 1988) Anal Chem 60: 2299 
7. Pasch H, Rode K, Ghahary R, Braun D (1996) Die Angew Makrom Chemie 241:95 
8. Mandal H, Hay AS (1997) Polymer 38 (26) :6267 
9. Otxenbourgs BT, Andriaensens PJ, Reckmans BJ, Caleer RA, Vandergunde DJ, Gelan JM 

(1995) Ind Eng Chem Res 34:1364 
10. Zhang X, Looney MG, Solomon DH, Whittaker AK (1997) Polymer 38 (23): 5835 
11. Neiss TG, Vanderheiden EJ (1994) Macromol Symp 86:117 
12. Schmidt RG ( 1997) Forest Products Society 1997, Annual Meeting, June 22-26, Vancouver, 

British Columbia 
13. Curran SA, Walker TB, Brambilla R ( 1997) Poly Preprints 38 ( 1): 856, ACS San Franeisco, CA 
14. Tobiason FL, Chandler C, Schwarz FE (1972) Macromol5:321 
15. Kamide K,Miyakawa Y (1978) Makromol Chem 179:359 
16. Sue H, Nakamoto Y, Ishida S-I (1989) Polyn Bull21: 97 
17. Ishida S-I, Nakagawa M, Suda H, Kaneko K (1971) Konbushi Kagaku 28:250 
18. Kim MG,Amos LW, Barnes EE (1993) J Poly Chem Part A Poly Chem 31:1871 
19. Kim MG,Amos LW (1991) Ind Eng Chem Res 30:1151 
20. Kim MG,Nieh WL, SeilersT Jr, Wilson WW,Mays JW (1992) Ind Eng Chem Res 31:973 
21. Laurent P, Gallot Z (1982) J Chromatogr 236:212 
22. Yamagishi T, Enoki M, Inui M, Furukawa H, Nakamoto Y, Ishida S-I (1993) J Poly Sei Part 

A Poly Chem 31:675 
23. Sone T et al. (1989) Bull Chem Soc Jpn 62: 1111; (1991) Bull Chem Soc Jpn 64:576; (1993) 

Bull Chem Soc Jpn 66:828 
24. Yamagishi T, Tani K, Ishida S-I, Nakamoto Y (1994) Poly Bull33:281 
25. Yamigishi T, Tani K,Shirano K,Ishida S-I, Nakamoto Y (1996) J Poly Sei PartA Poly Chem 

34:687 



Part B 
Applications of Phenolic Resins 



CHAPTER 5 

Thermosets: Overview, Definitions, and Comparisons 

The history of thermosets [ 1-6] and their application began araund 125 years 
ago (Table 5.1) with phenolic resins, and is thus, historically speaking, closely 
linked with the name "Baekeland". 

Leo H. Baekeland first discovered a way to produce high-polymer sub­
stances from oligomeric phenolic resins and fillers/reinforcing agents. This 
concept, which may be termed the "Baekeland principle" (Fig. 5.1), has been 
subjected to continued technological development over the years. lt has 
provided a very broad scope of application and has remained (in some cases 
in modified form) the basic principle of thermoset production and processing 
up to the present. Monomers are used to synthesize defined oligomers 
("resins") that are transformed (and shaped) to yield highly crosslinked, inso­
luble polymers in a second step that occurs: 

- With or without application of heat; 
- With or without a catalyst; 
- With or without fillers and reinforcing agents; 
- With or without pressure. 

These highly crosslinked products can accommodate up to 80 o/o flllers 
and reinforcing agents, a fact that affords them significant advantages over 

Fig. 5.1. The "Baekeland 
principle" of thermosetting 
systems 

Monomers 

' Oligomers 
(with and without fillers) 

I 
Intermediates 

(e.g. molding compounds) 

Heat, Pressure,, 
Catalysts, etc. 

Heat, 
Catalysts, 
etc. 

Highly Crosslinked Polymer 
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Table 5.1. Chronological history of thermosets ( selection) 

1872 Adolph von Baeyer: first concrete experiments to produce phenol-formaldehyde 
condensates 

1902 First synthetic resin developed: "Laccain", phenol-formaldehyde resin, substitute 
for shellac; invented by C. H. Meyer, Zwickau (Louis Blumer Co.) 

1907 L. H. Baekeland's "heat and pressure" patent on curing of phenolic resins: the first 
thermosetting plastics. Further patents: the "base" patent, "varnish" patent and 
the "grinding wheel" patent 

1910 Bakelite Company founded in Berlin. Fahrkation of thermosetting molding com­
pounds and industrial (Bakelite) resins 

1910 L. Berend (Dr. Kurt Albert Co. in Wiesbaden) develops the first oil-soluble syn­
thetic paint resin ''Albertol" (rosin acid-modified phenolic resin) 

1922 First patent on production of organic solvent soluble urea-formaldehyde resins 
(BASF) 

1928 Invention of oil-reactive phenolic resins by H. Hönel (RCI, Detroit at that time, 
later Vianova) 

1934 Marketing of furfuryl alcohol for production of furan resins begins 

1934 Development of epoxy resins by Pierre Castan (de Trey Freres Co., Switzerland) 

1935 Development of melamine-formaldehyde resins (CIBA, Casella, Henkel) 

1936 C. Ellis discovers eure of unsaturated polyesters in presence of polystyrene 

1937 Plasticized and etherified phenolic resins for use in paints (A. Greth und 
K. Hultzsch, Dr. Kurt Albert Co. in Wiesbaden) 

1937 Polyaddition products based on diisocyanate and polyols (Bayer AG and others) 

1948 First patent on production of water-soluble thermosetting resins by H. Hönel 
(Vianova Co., Graz) 

1960 Introduction offuran resins as binders in the foundry industry ( Quaker Oats, USA) 

1962 Market introduction of weather-resistant, phenolic resin bonded chipboard 

1964 Development ofthermosetting molding compounds for injection molding 

1970-1975 Furan and phenolic resins for production of heat shields for the aerospace 
industry (USA) 

1982 Phenolic resin bonded FRP components in autornative and aeronautic engineer­
ing (e.g., in Airbus A 300) 

1990 Use of epoxy-phenolic resin combinations for composites in the transportation 
industry 

1992 Increased use of UP FRP in power generation by wind energy (rotor blades) 

1993 Use of tannin-modified phenolic resins for production of wooden materials 

1994 Introduction of solventless manufacture of epoxy resin electrical Iaminates 
(NEMAFR4) 

1995 Introduction of phenolic resins for production of FRP by pultrusion 
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Fig. 5.2. Energy demands of thermosets and thermoplastics 

thermoplastics with respect to the raw material demand (for example the 
consumption of petroleum, a non-renewable raw material component used to 
produce phenol and styrene), and the capability for (internal and external) 
modification. The compounding level or an amount of filler in the case of 
thermoplastics is generally only up to 30% (Fig. 5.2). 

The Baekeland symbol "Boo" ("Resins for an infinity of applications"), which 
he granted to his licensees, displayed an insight bordering on clairvoyancy. As we 
know today, the message of this symbol is generally applicable to thermosetting 
materials and thermosetting base resins, since the Baekeland phenolic resins 
only represented the beginning of the thermoset group of materials [7 -9]. 

However, with his "pressure and heat" patent [ 10], Baekeland developed the 
first practical entry to the basic technology in the age of plastics that followed. 

Today, in contrast to the situation in Baekeland's time, a wide variety of raw 
materials is available for plastics manufacture (Table 5.2), and they serve as a 
basis for the production of a broad range of thermosetting plastics [11-17]. 
In the cured state, thermosets - in contrast to the linear, convoluted thermo­
plastic polymers and loosely bonded elastomers - exhibit a high degree of cross­
linking. Thermosets may be classified into at least ten different varieties (Fig. 

Table 5.2. Thermosetting resins and their raw material basis (selection) 

Resins 

Phenolic resins (PF) 
Melamine resins (MF) 
Urea resins (UF) 
Furan resins (FF) 
Epoxy resins (EP) 
Unsaturated polyesterresins (UP) 

Raw Materials 

Phenol, formaldehyde 
Melamine, formaldehyde 
Urea, formaldehyde 
Furfuryl alcohol, formaldehyde 
Bisphenol A and F, epichlorohydrin 
Unsaturated and saturated dicarboxylic acids 
and polyols 
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Fig. 5.3. Survey of thermosetting resins (AK = acrylate, BMI = bis-maleimide, UP = unsaturat­
ed polyester, PF = phenolic, EP = epoxy, Si = silicone, PUR = polyurethane, MF = melamine, UF 
= urea resin, FF = furan resin) 

5.3 ). The resin matrix in these may represent a phenolic, urea, melamine, unsatu­
rated polyester, or epoxy resin. Moreover, the "thermosetting" or crosslinking 
polyurethanes, silicone resins, and acrylate systems are also considered mem­
bers of this group. However, the latter three classes may only be partially classi­
fied as thermosets. BMI = bismaleimide in Fig. 5.3 represents an example of re­
lated "miscellaneous" products that only occupy a small segment of the market. 

In the area of thermosets, a certain variety of terms and definitions are 
prevalent both domestically and internationally, and can confuse not only 
laymen but experts as well.It is desirable to arrive at a general definition by first 
considering crosslinked polymers or "thermosets" (Fig. 5.4) and defining how 
they arise as follows: "Thermosets are fully synthetic, generally highly crosslinked 
polymers that arise (1) by further condensation of an oligomeric resin, (2) by 
initiated self-polymerization or copolymerization of an oligomeric unsaturated 
resin or (3) by polyaddition of functional oligomers and!or monomers." Defini­
tion ( 1) describes how products such as phenolic, urea, and melamine resins as 
well as furfuryl alcohol polymers arise, (2) considers UP resins and some of the 
methacrylate resins, whereas (3) defines epoxy and thermosetting polyurethane 
systems. 

This is a simplified consideration, but many combinations also exist. The 
three principles of structural development may be regarded as descriptions of 
"thermosetting", "crosslinking", or "reactive" systems that in turn lead to the 
final, crosslinked polymerk state and may be directly or indirectly assigned to 
the Baekeland principle mentioned above. 

The above definition is significant when comparisons of resins are con­
sidered (cf. below). Prepregs or thermosetting molding compounds may be 
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Fig. 5.4. Origin of thermosets (final cured stage) 

produced from the oligomers and represent precursors to the final polymerk 
stage. 

In addition, thermoset binders are used in the production of many indus­
trial products which are, in some cases, vital to the national economy and 
general welfare of the nation (Table 5.3). Although they areinvisible in some 
applications, it is hard to imagine being without them in practice since they 
are absolutely necessary and cannot be replaced by other materials such as 
thermoplastics, metals, wood or glass for reasons of quality, cost and per­
formance. 

Due to the high degree of crosslinking and the use of fillers and reinforcing 
agents, thermosets display their "proflle" (Table 5.4) in all applications, 
a "profile" that can feature particularly desirable combinations of properties: 

Table 5.3. Thermosetting binders for various industrial applications (PF = phenolic resin; 
UF = urea resin; MF = melamine resin; UP = unsaturated polyester; EP = epoxy resin; 
PUR = polyurethane resin; MMA = methyl methacrylate; FF = furan resin) 

Applications 

Fiber composites 
Refractories 
Molding compounds 
Foundry binders 
Wood materials 
Friction linings 
Acid-resistant cements and compounds 
Foams 
Laminate moldings, electricallaminates 
Abrasives 
Grinding wheels 
Textile auxiliaries 
Thermal and acoustic insulation 
Coatings 

Binders 

UP, EP, PF, FF 
PF,FF 
PF, UF, UP,MF,MF/PF,MF/UP,EP 
PF, UF, EP, FF 
PF,UF,MF 
PF,MF,EP 
PF, EP, FF, PUR 
MF, PF, UF, PUR 
MF,PF,EP 
PF,UF 
PF,FF 
UF,MF 
PF 
EP, UP, MMA, PUR, MF, PF 
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Table 5.4. Thermoset "profile" (typical properties) 

Good electrical and thermal insulating capabilities 

High strength, stiffness and surface hardness 

High dimensional stability, low coefficient ofthermal expansion 

Favorable thermomechanical properties, nearly no cold flow 

High resistance to aggressive media, no stress corrosion cracking 

High thermal resistance 

Favorable behavior when exposed to fire without halogenated flame retardants 

Safety reserves at peak temperatures 

a high strength level, excellent thermal behavior, long-term thermal and 
mechanical stability, and good fire and flame resistance, combined with good 
electrical and thermal insulating capabilities and - the "top industrial para­
meter" - a generally acceptable price level for applications in large-scale 
production. Which parameter is of the greatest significance varies, and relates 
to different criteria that the design engineer places on properties, process, and 
economics. 

Even today, after they have undergone nearly 90 years of development, 
the technical development potential of thermosets is far from exhausted. 
Thermosets (phenolics, epoxies, urea resins, melamine, furan, and unsaturat­
ed polyester resins as well as thermosetting polyurethane, acrylate, and 
silicone resins) make up around 18-20% of the world production of plastics 
(approx.I00-120 million tonnes). The approximate distribution of phenolic, 
amino, epoxy, and unsaturated polyester resins in western Europe, based on 
the production figures ( 100 o/o ), is (Fig. 5.5) 49 o/o urea resins, 22% phenolics, 
14% unsaturated polyester resins, 8 o/o epoxies, 6 o/o melamine resins, and 1 % 
furan polymers (based on furfuryl alcohol). These figures represent around 
65% of the thermoset volume; the remainder is mainly composed of thermo­
setting polyurethanes, acrylates and silicone resins. The industrial application 
should also be kept in mind as thermosetting resins are compared (Table 5.5). 

Fig. S.S. Distribution in o/o: 
UF, PF, UP, EP, MF, FF 
(FF = furan resin) 



5 Thermosets: Overview, Definitions, and Comparisons 115 

Table 5.5. Fields of application for thermosets (selection) 

Fields of use Synthetic Resins 

UF PF UP EP MF PUR MMA 

Automotive construction X X X X 

and accessories 

Aircraft construction X X X 

Wood materials processing X X (x)• 

Building industry X X X X 

(above ground, 
subterranean, streets) 

Mechanical engineering X X X X X 

and equipment construction 

Abrasives industry X X X 

Foundry industry, X X X (x)• (x)• (x)• 
refractories, steel 

Paint and adhesives industry X X X X X X X 

Electrical and X X X X X X 

lighting industry 

• (x) = only usable in some cases. 

The various areas include (as headings and examples) the particularly impor­
tant applications in transportation systems, electronic components [ 18, 19] 
and energy generation. 

An attempt will be made below to compare phenolic resins with other 
thermosetting resins, specifically urea, melamine, unsaturated polyester and 
epoxy resins, on the basis of a number of aspects in their application tech­
nology. As the Germans say, the comparison "limps" (is inept}, which in this 
case means that all the resin systems considered here can generally be adapted 
for an application using modifiers or fillers/reinforcing agents. Comparisons 
can really only be made under essentially identical conditions. Sometimes 
technical advantages can even simply vanish when confronted with economic 
reality, i. e., certain advantages are sometimes not utilized for reasons of cost. 

The technical assessment of applications thus naturally includes a con­
sideration of the costs of a product group (Fig. 5.6). Nonetheless, a price index 
comparison must be regarded objectively and can only serve as an indication. 
Variations in the prices of raw materials render such price index comparisons 
highly dependent on the specific raw materials, and vulnerable to the preva­
lent price and raw material considerations. However, the price index compar­
ison shows that phenolic and urea resins exhibit a relatively low price level. If 
the variety of possible areas in which phenolic resins find application is also 
considered (Tables 5.3 and 5.5), an alternate resin matrix must exhibit very 
significant advantages tobe considered as a replacement. Although urearesins 
are less expensive, their strengths lie in the areas of textiles, wood materials, 
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Fig. 5.6. Price index comparison of PF = 1 with UF, MF, UP, EP (prepared in January 1998) 

and ( earlier) insulating foam as weil. However, their disadvantage lies in the 
possible Iiberation of formaldehyde (in foam and wood materials). Thus, UF 
insulating foam is no Ionger used to any extent, and it was necessary to take 
far-reaching measures (including some at the expense of reactivity) to reduce 
formaldehyde Iiberation in wood materials [ 10, 20, 21]. The advantages of urea 
resins are based on their light color ( allow dyeing) and relative good textile 
compatibility. 

Melamine resins are superior quality urea resins that, in contrast to pheno­
lics, are widely used in the area of coatings (for example in autornative 
coatings) and in manufacture of ( decorative) paper. Their outstanding 
features include light fastness, light color, and good scratch resistance. 

A comparison of amino (melamine and urea) resins and phenolics with 
unsaturated polyester and epoxy resins must consider the fact that the latter 
eure without Iiberation of by-products, as shown in Fig. 5.4, a circumstance 
that offers significant advantages that can positively affect the curing and 
particularly (in the case of epoxy resins) shrinkage behavior. In contrast to 
phenolics, both systems (epoxies and UP resins) can be used as casting resins, 
whereas this is only possible within narrow Iimits in the case of phenolic 
resins. Epoxy resins represent outstanding electrical casting resins [22, 23], 
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a circumstance that particularly emphasizes their high electrical quality com­
pared to that of other systems. 

An indirect comparison of the properties of PF, MF, UP, and EP resins is 
made in the chapter on molding compounds (containing mineral and/or 
organic fillers). These four resin systems are compared with respect to their 
use as molding compounds. The essence of this comparison is that phenolic 
resin molding compounds exhibit good electrical and mechanical parameters 
and can be used in many areas. They can be easily modified, exhibit excellent 
thermal resistance, and (in combination with appropriate fillers) feature out­
standing resistance to flame and glowing heat. Urea resins are less expensive, 
can be easily pigmented, and are light fast. Melamine resins are similarly easy 
to color and light fast, and their electrical parameters exhibit (as do those of 
UP resins) particularly high tracking resistance. A negative point is that when 
urea and melamine resins are used as a matrix in molding compounds, they 
exhibit considerably higher processing shrinkage and post -shrinkage results 
than a phenolic resin matrix. On the other hand, special melamine resin 
molding compounds are the only members of the indicated product classes 
(molding compounds) that are approved for use in food packaging. 

Due to the fact that they eure by way of self-polymerization, monomer-free 
UP molding compounds feature relatively low processing shrinkage and post­
shrinkage. However, this does not apply to styrene-modified (BMC) molding 
compounds, which can only be processed without distortion and shrinkage 
("low profile") in the presence of added thermoplastic polymers. Depending 
on the resin composition, UP molding compounds are also relatively resistant 
to weathering. Epoxy resin molding compounds exhibit particularly great 
superiority with respect to their extremely low processing shrinkage and post­
shrinkage,high electrical quality (except for the tracking resistance), and high 
strength and toughness. On the other hand, their price level is also signifi­
cantly higher than that of other systems. 

Phenolics are superior to all other resin systems with respect to their 
particularly good thermal behavior (for example when used in brake and 
clutch linings and grinding wheels), their high level of flame resistance, low 
smoke density, and their use as a carbon donor in pyrolytic applications. They 
provide high carbon yields in various applications such as refractories and 
carbon and graphite materials. All phenolic resin applications are coupled 
with an excellent cost/performance relationship. 

The good flame-related properties of phenolics, including their low smoke 
density, is utilized in composites intended for aircraft construction. In deter­
mination of the smoke density [ 24] in an NBS smoke density chamber as 
specified in ASTM E 662, the attenuation of a beam oflight by the smoke collect­
ed in the chamber is measured and the specific optical density Ds calculated 
from this. This results in Ds figures of 300-600 for epoxy resin-based compo­
sites, 50- 100 for polyester resins containing flame retardants, and less than 20 
for phenolic resins (see later in High Performance and Advanced Composites). 
Due to these properties, phenolic resin FRP components are increasingly used 
in the transportation industry [25, 26]. These presently include combinations of 
epoxy and phenolic resin prepregs that are simultaneously compression molded 
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and are used to combine the outstanding fire-related behavior of the phenolic 
resins with the high level of mechanical properties offered by epoxies. 

A completely new dass of phenolics has rendered it possible to reach such 
high levels even without combination with epoxy resins using a phenolic resin 
hinder alone (Figs. 5.7 and 5.8). This new product dass exhibits the strength 

~ Bending Strength 
~ MPa D lls 

MPa l:!il/11!/!l ~eel Strength 

Fig. 5.7. Mechanical parameters of a flame-retardant epoxy resin (ILS = interlaminar shear 

strength) 

~ Bending Strength 
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Fig. 5.8. Mechanical parameters of the PLB phenolic resins (PLB = internal term of Bakelite AG, 
Iserlohn, Germany) 
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Table 5.6. Carbon content 
and carbon yield of different 
thermosetting binders 

Carbon-content (%) 
( theoretical) 

PF <80 
FF <75 
EP <75 
UP <60 

Carbon-yield (o/o) 
( after pyrolysis) 

55-70 
50-60 
20-30 
15-25 

inherent to epoxy resins, and the fire-related behavior of phenolics. Phenolic 
resins have thus acquired a completely new significance as binders for fiber 
reinforced composites used in the aircraft and transportation industries. 

Pyrolysis and formation of bonding carbon from phenolics (PF), furan 
resins (FF), unsaturated polyesters (UP), and epoxy resins (EP) achieves 
carbon in varying yields. Up to 70% is obtained in the case of the phenolics 
(a high yield based on the cured resin matrix), whereas among the other three 
systems only the furanresins afford a relatively high carbon yield (Table 5.6). 
For this reason, and due to their capability for technologically versatile 
application, phenolic resins are favored as binders for refractories and 
graphite materials [27]. 

Such a comparison of resin systems can be further pursued and many addi­
tional advantages of phenolic resins recognized; this similarly applies to the 
chemical resistance as determined in industrial chemically resistant coatings 
[28]. Table 5.7 illustrates a comparison of coating systems [29, 30] based on 

Table 5.7. Properties of solvent-free thermosetting coatings, excerpt from [30] 

Epoxies Poly- Phenolics Furan resins Unsaturated Vinylester 
urethanes polyesters resins 

Typeof Polyaddition Polyaddition Polyconden- Polyconden- Polymerization Polymerization 
curing sation sation 
reaction 

Strengths Good all- Elasticity; Verygood Verygood Good resistance Good resistance 
round optical resistance resistance to acids to acids 
properties; appearance; to hot water, to solvents (including (including 
verygood relatively solvents, and alkaline oxidizing acids) oxidizing acids) 
resistance to good acid and acids solutions even at 
alkaline resistance elevated 
solutions and temperatures; 
solvents; hot water 
extremely resistance 
high adhesive 
strength Ievels 

Weak- Attack by Attack by Attack by Shrinkage; Shrinkage; Shrinkage 
nesses organic solvents alkaline attack by attack by 

acids and and alkaline solutions oxidizing alkaline 
concentrated solutions agents solutions 
inorganic 
acids 
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epoxies, polyurethane resins, phenolics, furan resins, unsaturated polyesters, 
and vinyl ester resins. This indicates that phenolic resins exhibit good resist­
ance to solvents, hot water, and non-oxidizing acids. Thus, phenolic resin 
systems are mainly employed for tiling adhesives and grouts used for acid­
resistant tile flooring or in (acid-resistant) coatings for industriallaminates. 
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CHAPTER 6 

Economic Significance, Survey of Applications, 
and Six Bonding Fundions 

The following remarks will review the uses of phenolic resins and their distri­
bution throughout the various areas of application, making reference to the 
six "bonding functions" that phenolic resins mainly assume in applications. 
The organization of the application-related chapters of this book is oriented 
toward these bonding functions. Tables 6.1 and 6.2 summarize the main types 
of resins - resoles and novolaks - that are commercially available and are used 
for various applications (solid and liquid resoles, solid and solution novolaks). 

According to the chemical definition in ISO 10082, phenolic resins [1-3] 
are the condensation products of phenols and aldehydes, specifically form­
aldehyde, and are converted into high molecular mass polymers in a secon­
dary ( curing) reaction. The question as to a definition for the term phenolic 
resins or the historical product bakelite that arose from these can also yield 
other responses. Karl Ruisinger [ 4] writes that "bakelite is the stuff of which 
collector's dreams are made." In his article in Magazin Sammeln ( Collecting 
Magazine) he showed numerous photos of utensils and toys made ofbakelite 
(Fig. 6.1). The author ends his article with the nostalgic observation that 
"Objects made ofbakelite disappeared from the scene at the end of the fifties." 
This is not entirely correct! Even today, the German Bakelite Company, 

Table 6.1. Survey of resoles 

1. Solid resoles 
2. Resoie solutions 
3. Aqueous resoles 

Table 6.2. Survey of novolaks 

1. Solid resins ( crushed) 
2. Novolak solutions 
3. Aqueous novolak dispersions 
4. Powder resins with HMTA 

Examples of applications 

Molding compounds 
Interior protective varnishes, Iaminates 
Abrasives, refractories ( e. g. MgO-C-bricks) 

Examples of applications 

Tire and molding compound production 
Refractories and impregnating applications 
Coatings 
Brake linings, grinding wheels 
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Fig. 6.1. Toy horses of"bakelit" (source: col!ection of P. Flier) 

founded in 1910, fabricates articles that maintain the positive features ofbake­
lit: insulators and handles for irons as a final memory of a material that in­
dustry has stopped using and driven it into the arms of collectors". 

Such words could cause one to hurst into tears - but the tears would soon 
dry, since phenolic resins, the oldest fully synthetic resin products, form the 
basis for a very large nurober of materials of outstanding economical and tech­
nical importance, and have experienced continued favorable market accept­
ance in the 1980s and 1990s [5, 6]. 

The question as to a definition of what phenolic resins are can even be asked 
a third time. If one were to believe some articles in the press or the words of 
certain opinion makers [7], phenolic resins- because of their phenol and form­
aldehyde raw materials - contribute to human hazards due to their toxicity. 
Unfortunately, some branches of industry accept such occasional unqualified 
and biased remarks at face value, and initiate campaigns against the use of 
thermoset products with the intent of banning them from specific areas of 
application. Such attempts can be met by noting the fact that the level of mono­
merk residues in the cured, high molecular mass phenolic plastics is extremely 
low, and apart from that, phenol and formaldehyde - the starting materials of 
phenolic resins - have for years been among the products subjected to the most 
intensive toxicological studies. Furthermore, modern phenolic resins, when 
properly processed, are toxicologically trouble free if certain technical require­
ments are observed in processing. Practice has shown this to be true in the 
countless areas [ 8] in which this group of products finds applications (Table 6.3 ). 



124 6 Economic Significance, Survey of Applications, and Six Bonding Functions 

Table 6.3. Percentage distribution of phenolic resin production among important uses and 
percentages of resins used in various materials (based on various German and USA statistics) 

Application Percentage Percentage Main types of resin 
consumption of bin der 
production in material 

USA Germany 

Wood materials 55 27 approx.10 Aqueous resoles 

Insulating materials 17.5 19 approx. 2 to 3 Aqueous alkaline resoles 
lnorganic fibers approx.30 Novolak powder resins 
Organic fibers 

Molding 6 12 approx.40 Solid novolaks or resoles 
compounds 

Laminates 6 10 approx. 30-50 Resoles (aqueous and 
solution) 

Paints, adhesives 2.5 7 approx. 50 Resoie and novolak 
solutions 

Foundry, 4.5 10 approx.2 Solid novolaks, 
refractories aqueous resoles, 

novolak/HMTA 
powder resins 

Abrasives 1.5 3 approx.12 Unmodified and 
modified phenolic 
novolak/HMTA powder 
resins, aqueous resoles 

Friction linings 2 4 approx.10 Unmodified and 
modified phenolic 
novolak/HMTA powder 
resins, aqueous resoles 

Micelianeaus 5 8 5-50 All types of resins 

Phenolic resins exhibit a very wide range of uses. As a basic composition, it 
is necessary to expand application areas listed in Table 6.3 because in some 
cases they encompass very different fields, and are defined with difficulty. 
Applications as varied as decorative Iaminate moldings, textile and paper­
based Iaminates, electrical Iaminates, and special-purpose Iaminates for 
aircraft construction are grouped under the heading of "Iaminates". Inorganic 
materialssuch as mineral wool that are used for acoustical and thermal insula­
tion in the building trade, organic insulating materials and moldings for 
installation in motor vehicles, such as textile mats, and insulating foam are all 
considered as "insulating materials". Similarly varied situations also exist in 
the other listed areas. 

Table 6.3 reveals significant differences in the main applications when the 
markets in Europe and the United States are compared. On the US-American 
market, ab out 72-75% of the phenolic resin volume is used in the areas of 
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wood materials and insulating products, which mainly involves the huilding 
industry. In Germany, a situation that also largely applies to the remainder of 
western Europe, only 45-47% of the volume goes into the huilding sector. 
On the other hand, the volume of phenolic resin used for molding compounds 
(in Germany 15%) is higher than the percentage in the USA (6%). 

As varied as the applications of phenolic resins are, the levels ofhinder in the 
materials produced from them are equally diverse. Theselevelsrange from harely 
2% in foundry molding sands to more than 50% in coatings and laminates. 
Based on the consumption figures in Tahle 6.3 and the hinder levels in the mate­
rials, it may he estimated that a quantity of nearly 3.5 million tonnes of materials 
can he produced using phenolic resin hinders at an annual rate of consumption 
of ahout 250,000-260,000 tonnes of phenolics in Germany ( ahout 1.4-1.6 
million tonnes in the USA). This volume of phenolic resin honded materials is of 
the same order of magnitudeasthat of the mass-produced thermoplastics. 

The "miscellaneous applications" are also relatively varied. These include 
chemical-resistant huilding components and acid-resistant cements, fiher­
reinforced plastics (composites), fishing rod prepregs, floral foam, hrush and 
lamphase cements, adhesives, industrial filters, ruhher additives, carhon and 
graphite materials, auxiliaries for petroleum production, hinders for carhon­
less copy paper, and phenolic resin fihers. Modifications relating to raw 
material availahility and environmental questions have also heen carried out 
in these areas of application in recent years. On the whole, the application­
related versatility of phenolic resins as a component of important and highly 
varied materials is outstanding. 

This versatility arises from circumstances including the fact that phenolic 
resins as hinders are encountered in six different main functions with various 
application-related attrihutes (Tahle 6.4). These functions are: 

1. Permanent bonding, which ensures dimensional stahility and resistance to 
external influences and mechanical stress even after the phenolic-honded 
materials are put to use. 

2. Temporary bonding, which provides the materials with the highest possihle 
resistance to wear when these are suhjected to ahrasive or destructive use, 
coupled with high thermal resistance over the Iongest possihle period of 
time and where appropriate lengthy resistance to sudden heat development 
or mechanical effects. 

Table 6.4. Six phenolic resin bonding functions with examples of applications and relevant 
properties of these 

Bonding function 

Permanent 
Temporary 
Intermediate 
Complementary 
Carbon forming 
Chemically reactive 

Example of application 

Molding compound 
Abrasive 
Refractory 
Adhesive additive 
Carbon material 
PUR foundry bin der 

Required properties (examples) 

Dimensional stability 
Good grinding rate 
Thermosetting 
Good adhesion 
High carbon yield 
Cures by amine gassing 
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3. Intermediate bonding, which affords the greatest possihle accuracy in 
shaping and ensures that dimensional relationships exactly correlate with 
those of the final products during later curing and carhonization processes. 

4. Complementary bonding, which in comhinations significantly improves the 
range of properties of other thermosets, elastomers, or thermoplastics, for 
example the strength, wear and chemical resistance, and adhesion. 

5. Carbon-forming bonding, which allows production of polymerk carhon hy 
carhonization - if appropriate following prior shaping - to afford a carhon 
yield of around 50- 70 o/o, and opens paths to production of ultramodern 
carhon-based materials and refractories. 

6. Chemically reactive bonding, which permits phenolic resins to he trans­
formed into compounds of other important synthetic classes, allows 
production of other functional products from phenolics, or enahles them 
to he used in non-hinder functions, for example as dye developers for 
carhonless copying paper. 

In some cases, for example in hinders for foundry cores, all functions can even 
he related to a single application. Thus, the hinders should provide the cores 
with good permanent dimensional stahility as long as they are in storage. 
Intermediate handling of the core should he good, and the intermediate 
dimensions transferred to the casting in an inverse hut dimensionally accurate 
form when the core is poured off. When pouring the molten metal, the cured 
hinder system should withstand temperatures as high as 1500 oc for a short 
time (temporarily). In the uncured state, the hinder system should he capahle 
of heing adapted with modifiers ( complementary honding); it should form 
a considerahle amount of carhon under pyrolytic conditions, and should 
exhihit a certain degree of chemical reactivity. The main function in this case 
is temporary bonding. 

On the other hand, the different functions of phenolic resins naturally 
result in development of various special-purpose resins, groups of resin, and 
resin systems that may then be very specifically used to achieve an explicit 
application function. Examples of such applications will he mentioned in the 
tables of the following application-related chapters, and in some cases dis­
cussed. Although they do not represent simple "standard" resins, phenolics 
that can he used in multiple honding functions are of particular interest. 
Examples of these are heterogeneously modified phenolic powder resins that 
can he used to produce special flame-resistant textile mats used in automotive 
construction, and in slightly modified form to fabricate particularly heat­
resistant hrake linings for motor racing. Specific low-melting novolaks can 
also he used for various application/hinding functions when processed hy the 
warm mixing method. 

6.1 
Permanent Bonding 

The products in which phenolic resins afford permanent, i. e. continuous 
honding in a narrow sense include moldings and sheet goods made with 
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molding compounds; molded laminates, wood materials, inorganic and 
organic insulating materials, fiber composites, chemically resistant compo­
nents, and various cements. Permanent bonding means that the resin band 
produces a stable range of properties over a lengthy period of time. This refers 
to properties such as the long-term resistance of moldings tothermal effects 
or environmental exposure. The principal of permanent bonding is that the 
original properties of products are retained unchanged, or change only 
slightly, over an extended period of time and under a wide variety of environ­
mental conditions. 

These properties include the resistance to maisture and aggressive chemi­
cals. Phenolic resin bonded wood materials such as compreg exhibit good 
resistance to maisture and environmental effects, and retain this range of 
properties even after lengthy exposure. Acoustic and thermal insulating 
materials should retain a constant level of acoustical and/or thermal properties 
over long periods of time. Phenolic resin bonded textile mats that are used as 
insulating materials and in autornative construction exert a load bearing 
and/or noise reduction function in the passenger compartment, the trunk, or 
under the hood should ideally be even more permanent than the vehicle itself, 
or at least last throughout its lifetime without any lass in function. 

Particularly long-term service is expected in the case of the properties 
phenolic or epoxy resins provide to electricallaminates, the base material for 
printed circuits. Long-term electrical insulating properties and dimensional 
stability are of great importance for trouble-free operation of electronic 
equipment. Glass fiber-reinforced interior components for aircraft construc­
tion made with specially modified phenolic resins must feature long-term 
material reliability in their area of application. 

6.1.1 
Wood Composites 

6.1.1.1 
lntroduction 

Phenolic resins are one of the major adhesives in binding wood of all sizes and 
shapes into a wide array of products such as panels, molded products, lumber, 
and timher products. Besides phenolic resins, other adhesive resins consist of 
F reacted with urea and/or melamine leading to UF, MF, and combinations 
thereof. Methylene diisocyanate (MDI) is also used as a wood adhesive. Pizzi 
has published two recent books which describe wood adhesives in greater 
detail [1,2]. 

New developments of raw materials from regenerable materials as either 
adhesives (lignin or tannin) or as panel components tobe bonded (straw,jute, 
bamboo, bagasse, etc.) are discussed. Panels or wood composite products 
consist of plywood, particleboard (PB), waferboard, medium density fiber­
board (MDF), and oriented strand board (OSB). Glulam, laminated veneer 
lumber (LVL), and recently engineered products such as laminated strand 
lumber (LSL), timberstrand, and parallel strand lumber (PSL), or parallam, 
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constitute engineered lumber products. These wood composite products 
represent a volume in excess of 50.6 million m3 in North America for 1997. 

6.1.1.2 
Wood Structure/Surface 

The composition of wood is reasonably similar in most trees with ceilulose 
ranging from 40-45 %, hemiceilulose 20- 30 o/o, and Iignin 20- 30%. Wood is 
a fibrous material with a porous network structure. The ceilulosic component 
of wood has a high degree of compatibility with many resins. Some resins 
penetrate into the wood "pore" structure to facilitate a mechanical bond as 
weil as bond directly with ceilulose. 

A fundamental understanding of wood surface chemistry is necessary to 
perceive changes in wood sources (early harvested young vs mature trees) as 
weil as different wood species. Surface characterization of these and other 
woods can assist in the design of new and improved adhesive systems. Chem­
ical functional group characterization and/or types of chemical components 
can provide a better understanding of the exposed surface of the wood. The 
relative ease or lack of wettability of their surface is important and may relate 
to hydrophilic or hydrophobic behavior as the wood is treated with the adhe­
sive. Functional groups located on the surface contribute to chemical interac­
tions that occur between the wood substrate and the adhesive. Low molecular 
weight extractibles diffuse to the surface and affect wettability. Extractibles are 
many and include starches, sugars, tannins, fatty acids, alcohols, sterols, 
proteins, terpenes, resinous materials as weil as inorganic compounds and 
minerals. These latter materials are absorbed in the wood system from soil. 
Contact angle measurements [ 3, 4] and XPS [ 3] indicate that the wood surface 
behaves as typical polymer surfaces when exposed to environmental changes 
and suggest that extractibles influence wood surface. Depending on the type 
and remaining extractibles, molecular orientation and reorientation facilitat­
ed by the extractibles may occur depending on environmental conditions to 
which the wood is exposed. Furthermore, differences in polar characteristics 
[solubility parameter, 6] of aqueous adhesive resins vs less polar MDI will 
influence wettability as weil as depth of penetration of the adhesive into the 
wood surface. 

Surface effects of wood and wood composites have been examined by X-ray 
microtomography. Studies conducted by Shaler and coworkers [S] using the 
Brookhaven National Synchrotron Light Source and X2B beamline facility 
( developed by Exxon Research & Engineering) revealed the 3-D structure of 
wood specimens viewed from any angle; they also carried out sectioning of the 
material to examine internal features. Interna! features such as intraflake 
cracks in OSB, 3-D fiber orientations in MDF, and interphase region of 
pultruded glass phenolic composite bonded to solid wood are observed and 
provide a unique "picture" of these wood composites. 
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6.1.1.3 
Wood Sources 

Another issue which is critical and relates to wood/adhesive interactions is 
wood source. The wood source for plywood can be either softwood or hard­
wood with the form er in general purpose industrial use while the latter is used 
in those areas where appearance is important. Mature softwood (Douglas fir, 
southern pine) is generally the wood source for plywood. Softwood undergoes 
periodic shortages of logs due to depletion and governmental restrictions in 
the Pacific Northwest (North America). Environmental protection of North 
American public lands continues to reduce the annual harvest of softwood 
timber. Scarcity of wood source plus only ab out 75% log utilization of useful 
veneer for plywood prompted the development of a new wood composite 
product in the early 1960s. 

A wood panel product based on wafers (later strands) known as waferboard 
was produced from fast growing small diameter trees such as aspen, young 
southern pine, and other species. Virtually the entire tree could be transformed 
into wafers or strands. Eventually this technology led to the development of 
oriented strands and a composite panel known as oriented strand board (OSB). 
OSB significantly displaced waferboard and with suitable strand alignment 
competes successfully in plywood markets. Construction of North American 
style residential housing consumes large quantities of plywood for uses such as 
sheathing, flooring, and roofing. From the 1980s to the present, 69 OSB mills are 
operating in North America and Europe with more planned even in the Far East 
and South America. Schematic process for OSB is shown in Fig. 6.2. 

Forming line Pressing 

Fig. 6.2. Schematic of OSB manufacturing process 



130 6 Economic Significance, Survey of Applications, and Six Bonding Functions 

There is also a further shift in raw material source, and it relates to non­
wood materials such as straw and/or hast fibers (flax, hemp, kenaf, ramie, 
jute). Strawboard (wheat or rice) particleboard plants with wheat straw as raw 
material source are operating in Wahpeton ND, Le Center MN, and Elie, Mani­
toba, Canada with many more in the planning stages. Thus different wood 
sources as weil as raw materials derived from annual agricultural products are 
factors which identify with current and newly developed phenolic resins for 
panel manufacture. Turnkey operations are available (Compak, see later) to 
transform agriwaste into panels. 

6.1.1.4 
Wood Composite Materials 

6.1.1.4.1 
Wood Panel and Engineered Lumber Products 

Wood composites involve quite an array of products ranging from 
panels, molded products to large lumber products. Maloney [ 6] proposed 
the foilowing classification of these materials (Table 6.5). The listing pro­
vides an identity of familiar products or panels as weil as newly evolving 
engineering lumber materialssuch as LVL, Parailam®, and Timberstrand®. 
Table 6.6 summarizes panel and lumber products, sales volume, wood 
sources, and adhesive types. Physical properties of many of these wood 
composite materials are listed in Tables 6.7 and 6.8. Table 6.8 lists allow­
able design stresses for code approved products of engineered lumber 
compositions. 

6.1.1.4.2 
Adhesives 

It was mentioned previously that several types of wood adhesives are used 
in the fabrication of wood composites. These are UF, MF, PF, and MDI. 
A comparison of these adhesives is shown in Table 6.9. 

Table 6.5. Wood composite materials 

I Panels Plywood 
Medium density fiberboard (MDF) 
Oriented strand board (OSB) 
Waferboard 
Partideboard (PB) 

II Molded products Automobile panels 
Door skins 

III Lumber/timher engineered products Laminated veneer lumber (LVL) 
Parallel strand lumber (PSL) Parallam® 
Laminated strand lumber (LSL) Timher Strand® 
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Table 6.6. Wood panel and lumber products, 1997 North America [7] 

Sales vol Wood sources 
(million m3) 

Panels Plywood 20.2 Hardwood, softwood 
OSB 13.0 Aspen,pine 
PB 10.3 Wood waste 
MDF 6.0 Woodfibers 

Engineered LVL 1.12 Veneer 
lumber Parallam® Small 1.25 x 94 cm strands 
Products Timber Strand® Small 30.5 cm strands 

a Small amounts of phenolic, for construction use. 
b Some PF, Iignin phenolic and MD I. 

Phenolic Resins 

Adhesives 

PF 
PF,MDI 
UF" 
UFb 

PF,PRF 
PF,MDI 
MDI 

Phenolic resins, primarily resoles, are the preferred adhesive for exterior wood 
products. Hence for plywood, particle board (water resistant), MDF, OSB, and 
WB, different types of powdered and liquid resoles are utilized. Powdered 
resins originate from spray dried resoles. Many different factors are consider­
ed in the design of a suitable phenolic resin for each of these wood composites. 
These factors consist of resin characteristics and process conditions in the 
manufacture of the wood product. 

Resin Characteristics: 
- Molarratio of F/P and type/content of catalyst 
- Viscosity of liquid resole 
- Low free F and P in resin 
- Shelf life/storage stability at room temperature 
- Water dilutability 
Process Conditions: 
- Wood moisture content 
- Additives, extenders 
- Method of introduction of adhesive (liquid or solid) 
- Press temperature and residence time 
- Pressing cycle: s/mm board thickness (6-12 s/mm) 

Panels 

Plywood 
An excellent review of plywood resins and additives was published by SeHers 
[ 8]. Plywood consists of at least three layers of wood, mostly veneers, with the 
application of adhesives, pressure, and heat. Plywood is identified as either 
interior or exterior grade. Exterior plywood retains its glue bond when 
repeatedly moistened and dried or subjected to vigorous weather conditions 
for constant exposure. 
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6.1 Permanent Bonding 

Table 6.8. Specifications for engineered lumber products• 

LVL ParaHarn Timher strand 

Design stress 
Flexure (mPa) 18 20 10-14 
Shear modulus of elast.(MPa) 821 863 518 
Modulus of elasticity (GPa) 13.1 13.8 8.3 

Compression l. to grain: 
II to glueline (MPa) 5 4.5b 4.3b 
Compression II to grain (MPa) 16 20 10 

Horizontal shear l. 
Glueline (MPa) 2 2c 2c 

• Allowable design stresses for code approved products, Trus Joist McMillan brochures. 
b Parallel to wide face of strands. 
c l. wide face of strands. 

Table 6.9. Comparison of wood adhesives 

Process conditions Panel properties 

133 

eure Pressspeed Moisture Water Free CH20 Relative 
Type catalyst content• resistant cost 

UF Yes fast Effect No -0.1 ppm(El) 1 
MF Yes Medium to fast Effect Yes Low 3 
PF No Medium Effect Yes Low 2 
MDI No Fast No effect Yes None 4-5 

• Wood. 

In North America typical plywood specifications are product standards 
established by the industry with assistance from NIST, U.S. Department of 
Commerce. Plywood is covered by U.S. Product Standard, PS 1-95 [ 9]. These 
specifications include requirements for species, grade, thickness of veneer and 
panels, glue bonds, maisture content, etc. Standardized definitions of termi­
nology, suitability, performance test specifications, minimum test results, and 
code explanations stamped on each panel are also provided. German classifi­
cation according to DIN 68705 is contained in Table 6.10. Typical application 
uses of plywood include containers, marine-grade materials, concrete forms, 
exterior sidings, kitchen and bathroom cabinets, door skins, interior parts in 
transportation vehicles, and faundry patterns. 

Resins, Additives, and Formulations. Sodium hydroxide catalyzed resoles are used 
for weather resistant plywood. Resin viscosity varies between 700 and 
4000 mPa·s and relates to either a dry or wet gluing process. Typical resin 
properties are shown in Table 6.11 [10]. Free phenol and free formaldehyde 
are low (0.1 %), and the resins are low in air emissions. Kim [11] et al. have 
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Table 6.1 0. Plywood classification (DIN 68 705) according to humidity resistance and adhesive 

Class according Adhesive Property Pre-treatment of 
to DIN 68705 samples 

IF 20 Urea resins Resistant to low humidity, 24 hin H20 at 20±2°C 
usual to closed rooms 

IW67 Urea and urea/ Resistant to higher 3 hin H20 at 
melamine resins humidity, resistant to water 67±0.5 and 2 h 

up to 67 oc for a short time in H20 at 20±3°C 

A 100 Urea/melamine Outdoors limited 6 hin H20 at 100°C 
resins resistance 
Melamine resins resistant to cold and 2 h in H20 at 20 ± 5 °C 

hotwater 

AW 100 Phenol resins Resistant to all climatic 4 h in H20 at 100 oc, 
Phenol!resorcinol influences 16-20 hin air at 
resins 60±2°C and4 h 
Resorcinol resins in H20 at 100 °C, 

2- 3 h in H20 at 20 ± 5 °C 

Table 6.11. Resoie resins for plywood manufacture [ 10) 

Solids 
Viscosity@ 20 oc (mPa · s) 
Alkaline content (as NaOH)% 
Gel Time @ 100 oc min 
Water dilutability 

Predrying 

43-45 
3500-4500 
2.7-3.0 
23-29 
Indefinite 

Without predrying 

45-47 
550-750 
7.5-8.0 
30-40 
Indefinite 

shown that plywood resins have MW s up to 114,000 daltons ( determined by 
light scattering). Mark Houwink Sakarada (Structure chapter 4) values indicate 
a compact or coiled molecular structure due to molecular association and 
branching of the polymer chain. Evaluation of plywood resin by DMA (Chem­
istry, Reaction Mechanisms Chapter 2) by Kim et al. [12] involves the eure 
behavior of plywood resin on glass cloth and provides eure parameters in the 
manufacture of plywood. Since resin exhibits a high MW, a high temperature of 
about 150 oc is required to develop high rigidity and full eure of the resin. 

To adjust wetting and avoid excessive penetration for uniform joint thickness, 
diluents and/or fillers are introduced into the formulation. Rye or wheat flour is 
used in combination with UF and MF resins while CaC03 or non-swelling fillers 
such as coconut shell flour are used for exterior grade plywood formulations. An 
excessive amount of fillers should be avoided since they lead to a reduction in 
plywood properties.Adhesive formulations are listed in Table 6.12. 

Production of Plywood. Either softwood or hardwood can be used in plywood 
manufacture. Type of wood determines final use of plywood. Veneers are care-
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Table 6.12. Adhesive formulations for the production ofweather-resistant plywood [10] 

Formulation Dryprocess Wetprocess 
and processing 

Phenol resin Pbw 100 100 100 100 

CaC03 Pbw 10 10 10 

Coconut flour {300 Mesh) Pbw 5-10 8 8 8 

Water Pbw 10-20 

Hardener (paraform- Pbw 2 2 
aldehyde) 

Accelerator (resorc- Pbw 6 
inol resin) 

Adhesive formulation 1d 1d 1d 4h 
service life 

Presstemperature oc 130-150 130-140 120-125 100-110 

fully dried prior to eoating with adhesive formulation. Moisture eontent 
should be 2-5o/o for dry and wet proeess. The formulated adhesive (Table 6.12) 
is plaeed on both sides of the veneer which is then inserted between two plies 
of uneoated veneer in the panel assembly. Roll spreaders apply the adhesive 
with spread rates of 160-200 g/m2• A rate of 130-140 glm2 is sufficient forlow 
porosity veneers. A thin adhesive or "glue" line reduees eosts but may eontri­
bute to possible glue defeets. After eoating, the veneers are dried in a veneer 
dryer to a 8-12 o/o RH (predrying) with temperature not exeeeding 70-75 ac. 
Veneers are assembled and pressed in a multi-daylight press. Depending on 
the adhesive formulation, press temperature ean be 100-140°C with pressures 
of 0.8-1.5 N/mm2 for softwood and 1.5-2.5 N/mm2 for hardwood. The use of 
aeeelerators allows a lower eure temperature. Resoreinol resins (see later) will 
faeilitate eure at room temperature. After pressing, the rough plywood is 
trimmed to size and sanded to the desired thickness. Testing of exterior type 
plywood eonsists of vaeuum-pressure tests, boiling tests, searf and finger 
joint tests, and heat durability tests [8]. Meehanical properties of plywood are 
shown in Table 6.7. 

Proeessing ehanges are oeeurring in plywood gluing systems. Spreader 
curtain eoater and spray methods are being eonverted in some eases to foam 
extruders. New plywood formulations of phenolic foam glue mixture result in 
less water on the glue line so that high moisture veneers can be used [ 13]. 
Gluing with higher moisture eontent veneer and foaming the glue results in 
redueed adhesive use and lower produetion costs. Thus 10 o/o moisture eontent 
veneer instead of 3-4 o/o moisture allows high er veneer dryer produetivity, 
lower glue spreads, and better pre-pressing. Gluing veneer with high moisture 
eontent (up to 15o/o) results in a wood produet which is very similar to the 
equilibrium moisture value in aetual use and thus reduces warp and dimen­
sional ehanges. 
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Co-Reaction of PF with UF. In North America virtually all exterior grades of 
plywood, particleboard, hardboard, and OSB are manufaetured with phenolic 
resins. A wide range of formulations of both liquid and solid resins is avail­
able that meet produet and property performanee eharaeteristics of the final 
panel. Still there are other desirable improvements which are requested by 
wood panel manufaeturers. Most prevalent requests are low eost resin and 
faster eure. lt is these two features that have been the motivating faetors for 
an ongoing study eondueted by Professor Tomita and eoworkers [14-20]. 
Tomita has examined the meehanism of the eo-reaetion of urea formaldehyde 
resin with phenolic resins. The resulting hybrid resin system eould be an 
attraetive wood adhesive due to beneficial attributes of eaeh resin segment: 

UIF 
Loweost 
Fast eure 

PIF 
Moisture resistanee 
Low F emission 
Beat resistanee 

Sinee 1985 Tomita and eo-workers have been aetively involved in developing a 
resin system as UFP to meet these objeetives. Using torsional braid analysis 
(TBA) to eompare the relative amount of rigidity or eure ( Gt/Go) vs tempera­
ture, Tomita was able to distinguish the eure differenees of UF, PF, blend of UF 
and PF, and UFP (Fig. 6.3). In Fig. 6.3 eurves for PF resin eure ( eurve 1 ), UF eure 
(eurve 4), blend of UF and PF (eurve 3) and eo-eondensed UFP (eurve 2) are 
shown. A temperature greater than 100 °C is required to eure the PF resin 
whereas the use of a UF eatalyst (NH4Cl) faeilitates the eure of the UF resin 
below 80 °C. The blend of UF and PF exhibited separate segments of UF and 
PF undergoing eure ( eurve 3 ). The eure pattern of the co-condensed resin UFP 
(eurve 2) demonstrated that both UF and phenolic segments undergo eure 
with increasing temperature with the eure composition exhibiting high heat 

Fig. 6.3. Torsion braid 
analysis of curing reaction of 
various resins. 1) Commer­
cial resole; 2) Co-condensed 
resin UFP; 3) Blend of UF 
resin and resole wih NH4Cl; 
4) Commercial UF resin 
withNH4Cl 
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resistance due to the phenolic segment. To achieve this co-eure reaction 
required an understanding of the different condensation reactions (UF, PF, 
and co-condensation) with model compounds. The composition of the co­
condensed resin is F/U/P: 3.5/1/1. In evaluating the co-condensed composition 
in plywood, shear tests at 160°C were required to obtain properties of 
18.2 kg f/cm2 with 85% wood failure. But 72 h boil test results were inferior to 
plywood with normal resole. More work is required on co-condensed resin 
microstructure to reduce water sensitivity. 

Color lmprovement. For color improvement and reduction in eure temperature 
or lower press cycle, melamine is introduced into the phenolic composition 
leading to a PMF [21, 22]. This method is used in Japan and to some extent 
in Europe. Both phenol and melamine are comparably priced in the Far East. 
Lighter plywood and fast eure is obtained but some urea or UF resin must be 
added to reduce F emissions. 

Plywood is faced with severe competition from OSB (see later) and 
thin MDF. Thin MDF (see MDF section) is a competitor to hardwood 
plywood. With high quality overlays or prints, MDF appears the same as 
hardwood plywood and is capturing a portion of the hardwood plywood 
market. 

Oriented Strand Board (058)/Waferboard 
Most of the early adhesive development studies for waferboard were 
applicable to OSB since both wood wafers and wood strands were treated 
with powdered or droplets of phenolic resin. As the OSB market became 
more focused in capturing some of the plywood market, a greater effort 
was directed to OSB resin development and less to WB. Prior to discussing 
OSB resins, it is important to distinguish the differences between gluing 
plywood and OSB/WB. The plywood panel is fabricated with a known 
amount of gluelines. Each of these gluelines contains a uniform coating 
of liquid phenolic resin. During hot pressing, all the wood at the surface 
of the glueline comes in contact with the adhesive. Thus processing condi­
tions during application of the adhesive, moisture content of the veneer, 
and drying of the adhesive layer all influence glueline strength. If failure 
occurs through the adhesive rather than the wood, a dark color will be 
observed throughout the failure surface - the darkcolor is due to the phenolic 
resin cured appearance. If failure occurs through the wood, the failure 
surface is light or the color of the wood surface. On the other hand, OSB/WB 
phenolic resin is applied as discrete particles (powder) or droplets (liquid). 
Some flow of the phenolic resin may occur during hot pressing, but it 
does not result in a continuous coating as in plywood. Obviously resin 
content in plywood is greater than in OSB/WB. Further panel property 
differences exist between plywood and OSB. Deflection under load, creep 
and linear expansion in a humid environment, and thickness swell are all 
greater for OSB as compared to plywood. However OSB is less expensive 
than plywood. A comparison of properties of plywood and OSB are shown 
in Table 6.13. 
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Table 6.13. Mechanical properties of U.S. composite wood materials used in sheathing (ASTM 
test methods)• 

Plywood OSB 

Linear hydroscopic expansion (1 o/o) (30-90% RH) 0.15 0.15 
Linear thermal expansion (cm/cm/°C) 6.1 X 10-6 6.1 X 10-6 

Flexure 
MOR(Mpa) 21-48 21-28 
MOE (GPa) 7-13 5-8.3 
Tensile Strength (MPa) 10-28 7-10 
Compressive strength (MPa) 21-35 10-17 

Shear through thickness (edgewise shear) 
Shear strength (MPa) 4-8 7-10 
Shear modulus (GPa) 0.5-0.8 1.2-2.0 
Shear in plane of plies (rolling shear) 
Shear strength (MPa) 1.7-2.1 1.4-2-1 
Shear modulus (GPa) 0.14-0.21 0.14-0.34 

• Source: APA, Tacoma WA. 

Core and Surface Resins. During manufaeture the OSB panel experienees different 
temperature eonditions from the eore to the surfaee during hot pressing. 
Henee two different resin systems were developed for OSB: eore resin and 
surfaee resin. The eore resin is for the middle layers of the panel where a slow 
temperature rise oeeurs and the final temperature is lower than the faee (sur­
faee) layers on the outside of the panel. Most OSB manufaetured in North 
America utilizes liquid and powdered (spray dried resoles) and some MDI. 
The MDI is primarily used in the core whereas phenolie resin ean be used on 
the faee/surfaee panel. Major disadvantage for using MDI as surfaee resin is 
that it adheres strongly to press plates. Approximately 2-2.5% powdered 
phenolie resin is employed with wood strands eontaining maisture eontent 
of 6% whereas with faster reaeting liquid phenolie resins, higher maisture 
eontent of 8-9% ean be tolerated but a higher amount of liquid resin 
(3.5-4%) is neeessary. 

A liquid phenolie resin for OSB (outer layer) is shown in Table 6.14. 
Efforts of Steinerand Ellis [23-27] have been effeetive in providing an 

understanding of eure and flow parameters for powdered phenolie resins as 
they are used as faee resins, eore resins, and resins for use throughout the 
panel. Flow properties determined by TMA, fusion diameter values, and 
strake eure time were eompared with GPC and NMR data. Both Iabaratory and 

Table 6.14. OSB resin 
(outer layer) [10] Solids ( o/o) 

Viscosity@ 20 oc (mPa · s) 
Alkaline content (as NaOH)o/o 
Gel time at 100 °C, min 
Water dilutability 

43.5-45.5 
200-300 
2.3-2.8 
14-19 
Indefinite 
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commercially available resins were evaluated in the studies. NMR analyses 
indicated that the commercial resins possessed a molar ratio of 2: 1 of F to P 
and pH values of approximately 9.0. Flow was related to MW whereby reduced 
flow was attributable to increased resin MW. Flow data indicated that the face 
resins exhibited the highest flow; resin for throughout the panel showed inter­
mediate or reduced flow while core resin had the least flow. Further examina­
tion of the role of MW and MWD was conducted by Ellis [25] who spray dried 
low and high MW resins (Table 6.15, Fig. 6.4) and subsequently prepared mix­
tures of both resins for evaluation as OSB/WB adhesives. A bimodal resin 
composition containing 20 o/o low MW resin and 80 o/o high MW resin provided 
optimum internal bond (IB) strength and low thickness swelling. The high 
MW resin portion facilitates rapid bond formation and gap-filling properties 
while the low MW resin is necessary for wood substrate penetration. Studies 
(Ellis and Steiner [24]) of optimum particle size of spray dried phenolic resins 

Table 6.15. Characteristics 
of liquid resins 

c:: 
0 
:e 
0 a. 

Resin solids (o/o) 
pH 
Free formaldehyde (o/o) 
Specific gravity 
Viscosity at 25 oc (mPa · s) 

./ Low (1 00:0) 

Res in 

Low High 

38.8 38.0 
10.1 10.1 
0.30 0.29 
1.16 1.15 
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and spray drying variables (inlet temperature, feed rates, resin solids content, 
etc.) provided valuable information on spray drying methodology and para­
meters leading to useful powdered resoles. 

Resin Distribution by lmaging. Both Ellis [27] and Kamke et al. [28] report a novel 
imaging method to measure the distribution of resin/wax on wood surface. 
By employing a fluorescence microscope, video camera, frame grabher board, 
and PC/image processing analysis software, Ellis succeeded in determining 
wood failure values for internal bond specimens and obtained a correlation 
between wood failure and internal bond. Kamke observed depth of resin 
penetration of both liquid and powdered phenolic resins as well as MDI. His 
observations showed that powdered resin remains on the surface of the wood 
flake during the blending process with resin flow occurring during heat up; 
liquid resin wets the surface of the wood flake on contact but also partly 
penetrates into the porous structure of the flake; MDI with lower viscosity 
and "strong attraction" to wood exhibits the smallest volume on wood surface. 
Kamke's studies encompassed OSB strands from several panel manufacturers 
and showed MDI to be drawn very tightly into the longitudinal cell elements 
of the wood. Powdered phenolic resin was observed as clusters of fine 
particles on the wood flake surface while liquid phenolic resin was distribut­
ed between the flake surface as well as some penetration within the cell of the 
wood. Kamke claims the method has merit as a QC procedure for efficiency 
of resin spraying and flake blending processes. 

The continuing interest in developing adhesives to bond wood with high 
moisture content (12-15%) is recognized as providing improved economics 
in panel manufacture as well as improved panel quality. Andersen and 
Troughton [29] identify some of the benefits of using higher MC in wood: 
improved dryer capacity, reduced flake breakage, improved wood appearance/ 
yield, and better panel dimensional stability. It is also plausible that the 
development of fast curing, moisture tolerant phenolic adhesive may also 
be of value to the newly evolving steam injection pressing method (see later). 
The authors relied on some earlier observations [30] whereby plywood 
resin was transformed into dispersion resin and combined with an alkaline 
soluble phenolic continuous phase. The resulting system was effective in 
bonding veneer with MC of 10-12 o/o and suppressed the problems associated 
with excessive adhesive migration ("wash out") from the glueline and 
resin eure retardation. Thus the strategy involved the transformation of 
a plywood resin with an OSB resin into the moisture tolerant adhesive. 
The rationale for combining the OSB resin to the plywood dispersion resin was 
to facilitate the precipitation of the OSB resin onto the plywood resin disper­
sion. The OSB resin is a relatively low MW resin and becomes an oily phase 
on normal precipitation. When it is precipitated in the presence of dispersion 
plywood resin, a granular composition is obtained. It is believed the high 
MW plywood resin serves as a site for the OSB resin to precipitate. OSB core 
and surface resins were examined with dispersion plywood resin resulting 
in intermediate flows when compared to thermal flows of commercial OSB 
surface and core resins. Usingwood with MC of 12-15% these newlydevelop-
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ed adhesives were superior in comparison to resin controls, resulting in ex­
cellent bonds exceeding 80-90% after 4-5 min pressing at 204°C with 
a press load of 1.1 MPa. These results were also applicable to waferboard with 
highMC. 

MD/. The use of MDI is beneficial when used as a core resin in OSB. MDI 
rapidly eures even with high MC in wood, providing a strong, maisture resis­
tant bond with no formaldehyde emitted. lt cannot be used as an OSB sur­
face resin because MDI strongly adheres to the hot platens. The amount of 
MDI used as wood adhesives in the manufacture of wood composites is 
about 8-10% of the total wood adhesives volume or approximately about 
100 million pounds/yr. 

Partideboard 
More than 95% of the total amount of adhesives used to bond wood waste 
materials into particleboard in North America is urea formaldehyde (UF). 
They are low in cost, easy to use, and are fast curing but F emissions must be 
controlled. Approximately 10.3 million m3 of PB was manufactured in the US 
(1997). Most of the PB is used for indoor applications such as furniture and 
shelving. In Europe some PB is utilized as construction panels for outdoor use 
and requires water resistant bond by employing phenolic resin. A typical 
phenolic resin for PB is shown in Table 6.16: 

Classification of PB. The use of UF for PB has led to a classification of PB as E1, 
E2, and E3. These relate to the amount of formaldehyde emitted using the 
Perforator test. Value of E1 is :5 10 mg F/100 g material and equates to 
0.1 ppm F value using 1 m3 chamber. Recently Wolf [31] reported the 
development of UF resins with low formaldehyde release similar to natural 
wood. The amount of formaldehyde released by natural wood is dependent 
on the wood species, humidity, and drying conditions. The value varies from 
0.2-0.6 mg/100 gor 0.002-0.006 ppm (1 m3 chamber). An E-zero product 
(EO) which is below the current limit of 0.1 ppm has been developed and 
utilizes either MUF or UF + MUF. EO emits 0.01-0.015 ppm (1 m3 chamber) 
and :5 1.0 mg/100 g (perforator). 

Most PB meets E1 classification and is due to improvements in the manu­
facture of UF resins (reduction of molar ratio of F:U) and the use of form­
aldehyde scavengers. 

Table 6.16. Partideboard resins [10] 

Solids (%) 
Viscosity@ 20 °C (mPa · s) 
Alkaline contact (as NaOH)% 
Gel time @ 100 oc, min 
Water dilutability 

Core layer 

47-49 
700-800 
8-9 
30-37 
Indefinite 

Outerlayer 

43-45 
200-300 
2.5-3.0 
15-20 
Indefinite 
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Emissions Studies. Studies related to VOC emissions during PB panel manufacture 
indicate that lower emissions are observed when lower press temperature and 
Ionger press times are employed in panel production. The VOCs of PB with UF 
hinder were identified as F, methanol, and ammonia using TGA/FTIR [32, 33]. 

In North America, round robin testing of press emissions emanating from 
UF and PF resins is being conducted by large wood adhesives manufacturers 
{Neste, GP, and Borden) using similar laboratory caul plates, sampling devices, 
and analytical methods. Data is shared between resin producers and panel 
manufacturers [32]. 

Medium Density Fiberboard (MDF) 
MDF is the most important fiberboard product with an SG of 0.6-0.8 glcm3• 

A recent review by Chapman [34] mentions different plant species for MDF 
panels. In 1997 the volume of MDF in the US was 6.0 million m3, 6.5 million m3 

in Europe with continued growth worldwide. It is used in furniture and some 
similar PB areas. A comparison of properties of PB and MDF is shown in 
Table 6.17. In the Far East it is also used in the wood working industry. Thin MDF 
competes with hardwood plywood. UF is the hinder of choice but some MF resins 
are used when improved maisture resistance and clear panelcolor is desired. The 
convenience of using MF is due to the compatibility of MF with UF and requires 
no equipment modification in the plant employing UF. In Europe, Japan, and 
Australia blends ofUF with low MW MF ( containing high melamine content) are 
used for MDF [35]. In Asia, Pacific region, MDF made with melamine modified 
adhesives Ieads to panels with maisture resistance comparable to plywood. 

Recently Riedland Park [36] reported that a 40/60 low to high MW pheno­
lic resole was effective in preparing MDF with unusually high internal bond 
(IB) strength. Riedl's resin studies paralleled early work of Steinerand Ellis 
[25] for waferboard. 

Hardboard 
Hardboard or high density fiberboard (SG 0.90-1.20 g/cm3) is used in the 
furniture industry, for doors, automobile interiors, and house trailers. With 

Table 6.17. Mechanical 
properties of U.S. composite 
wood materials (MDF 
andPB)• Thickness, mm 

Density (kglm3) 

MOR(MPa) 

MOE (GPa) 

Interna! bond (MPa) 

Screw-holding face (N) 

Edge (N) 

Linear expansion 
(o/o max. average) 

MDF 

21 

640-800 

24 

2.4 

0.6 

1,400 

1,050 

• Source: National Partideboard Association. 

PB (flooring) 

11-20 

1.8-3.1 

0.4-0.55 

0.3-0.35 



Table 6.18. Fiberboard resin 
(dryprocess) [10] Solids ( o/o) 

Viscosity@ 20 oc (mPa · s) 
Alkaline content (as NaOH)o/o 
Gel time @ 100 oc, min 
Water dilutability 
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28-30 
150-200 
0.9-1.1 
25-35 
~ 1:1 

phenolie resin as the adhesive, improved meehanieal properties and reduetion 
in water absorption/swelling eharaeteristics are obtained. Both wet and dry 
proeesses ean be employed to manufaeture hardboard. The dry proeess 
requires more resin for hardboard produetion than the wet proeess ( < 1 % 
added resin). Properties ofliquid resin are eontained in Table 6.18. 

6.1.1.4.3 
Engineered Lumber Products 

Laminated Veneer Lumber (LVL) 

A total of 1.12 million m3 of LVL was sold in 1997. LVL eonsists of billets made 
by parallel Iamination of veneers into thicknesses eommon to solid-sawn 
lumber (Fig. 6.5). Veneers are 2.5-3.2 mm thick, hot pressed with phenolic 
resin to lengths from 2.4 to 18m, with thieknesses of 38-45 mm and widths 
of 69-127 em. Radio frequeney eure, when used, reduees eure time. LVL is 
slowly ernerging as a growth produet due to seareity of struetural wood. 
Phenolie resin is the predominant adhesive with some MD I. Most LVL is used 
in wood I -joists, residential beams, and headers. An exeellent summary of LVL 
markets was published by Guss [37]. 

Reeently Stahl [38] deseribed eontinuous produetion of 122 em-wide LVL 
using a Dieffenbaeher designed eontinuous LVL produetion line. The line eon­
sists of several veneer sheet feeders, maisture detection, veneer sheet grading, 
preeision alignment of veneer sheets, a resin eurtain eoater, a eontinuous LVL 
layup station, a mierowave pre-heating system, a eontinuous zone heated 
press, a billet crosseut saw, and a billet staeker. Besides widths of 122 em, billet 
thickness ean vary from 2 to 10 em. Eillets exit the press eontinuously at speeds 
ranging from 0.76 to 3.7 m/min. As of 1998 new LVL eontinuous lines are 
operating in the United States and Canada. 

Parallel Strand Lumber (Parallam®) 

Parallel strand lumber or Parallam® [39] is a remarkable development that 
evolved from MaeMillan Bioedel laboratories and was eommercialized 
through a joint venture of Trus Joist and MaeMillan Bioedel in 1986 (Fig. 6.6). 
The first plant producing Parallam was in Vaneouver, B. C., followed by a 
seeond plant in Colbert, GA. Wood strands in varying lengths (Douglas fir, 
Vaneouver; Southern Pine, Georgia: strength properties are similar for both 
speeies) are transformed eontinuously by a eombined mierowave/pultrusion 
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Fig. 6.5. LVL process schematic 

Fig. 6.6. Parallam®, Truss 
Joist/MacMillan 
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proeess into lengths of 15m or longer. The unique Parallam® proeess involves 
microwave eure of the phenolie resin adhesive/wood mixture eombined 
with high temperature pultrusion and leads to billets with dimensions of 
30 x 50 em and variable length. 

Para/farn® Features 

- Strong produet - free of knots, grain deviations, and weak wood 
- Very eonsistent- 10% eoefficient of deviation as eompared to 25-SOo/o for 

solid wood 
- Very durable - performs like solid wood, little effeet of water, remains 

strong when wet with minimal swelling 

Properties of Parallam are listed in Table 6.8. Parallam was used in Vaneouver's 
World Fair, Expo '86, in every foreign visitors' pavilion or a total of 35 build­
ings. It was the infrastrueture of the 7.3 m high wall system where strength and 
stiffness were eritical for performanee. Current market aetivity is direeted to 
beams, headers, and posts allowing large spans, high loads, more rigid, dimen­
sionally stable struetures for generally more attraetive and funetional build­
ings. These features have resulted in eode approval aeeeptanees by all major 
applieable eode regulatory bodies in North America. 

6.1.1.5 
New Process and Equipment Developments in Panel Manufacture 

6.1.1.5.1 
Steam lnjection Pressing (SIP) 

By eritically examining the eure eharaeteristics of resin bonded wood flakes, 
it is possible to improve or inerease the rate of panel produetion. Press time, 
temperature uniformity within the panel during eure, and wood moisture 
eontent all relate to resin eharaeteristics. A new proeess development applie­
able to PB, MDF, and OSB has involved the introduetion of steam injeetion 
pressing (SIP) to reduee the time lag neeessary for the interior of the board 
(eore) to reaeh a uniform resin euring temperature and henee faeilitate rapid 
eure for thick panels. Both UF and MDI adhesives respond favorably to the 
SIP teehnique but phenolie resins are erratic. Phenomena known as "wash 
out/wash in" and dilution/over penetration eausing premature resin eure 
(short press time) and poor quality panels are reported. Geimer and 
eo-workers [40, 41] have examined phenolie resins in flakes under eonven­
tional and SIP eonditions. Various analytical methods (DMA, DSC, lap shear 
tests) were evaluated in an attempt to distinguish different types of eure 
(meehanical vs ehemical) and board bond strength under dynamic eondi­
tions. The authors sought to distinguish resin eure from bonding strength of 
phenolie bonded flakes under dynamic eonditions whereby mats with 7-12 o/o 
moisture eontent eould be eompared between eonventional pressing and SIP 
with 10-20 s steam duration. Resin eure was examined by DMA while lap 
shear tests provided board bond strengths. Data showed that resin euring and 
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bond strength did not proceed simultaneously. In conventional pressing 
higher moisture content (12o/o) favored resin curing but slightly retarded lap 
shear bonding when compared to 7 o/o moisture content. With SIP, results were 
inconsistent. Authors indicated that high moisture (present in wood flakes and 
from steam injection) and temperature affect both wood T g and phenolic resin 
to a Ievel at which corresponding strengths of these board components are 
insufficient to overcome vapor pressure and internal stresses. More work is 
necessary to establish the value of SIP with phenolic resins. 

6.1.1.5.2 
Wider Presses 

Wider forming lines and presses resulting in OSB panels with dimensions of 
3.7 x 7.3 m using multiple daylight presses with up to 14 openings are becoming 
operational. 

The larger width accommodates the North American and Japanese markets 
(120 cm for North America and 91.5 cm for Japan) and provides flexibility 
in cutting either width from master panels. Additional advantages include 
reduced trim waste and lower line speeds to achieve the same production 
volume as either 2.4 or 2.7 m wide lines. 

6.1.1.5.3 
lncreased Length - OSB Flakes 

Presently the disc flaking machine is the standard of the industry for OSB 
flakes. The ring strander, introduced in 1993, is being used to produce Ionger 
strands (> 15 cm.) for other engineered wood products beyond OSB. 

6.1.1.5.4 
Uniform Mats 

Improvement in classification/uniformity of mats for PB and OSB is resulting 
in improved forming accuracy, good surface quality, and homogeneaus cores 
with an accompanying removal of undesirable material. 

6.1.1.6 
Natural Resins 

6.1.1.6.1 
lntroduction 

There have been numerous attempts to develop and transform renewable bio­
mass resources into wood adhesives. The most desirable components derivable 
from wood are those which contain phenolic-like structures such as lignin (I) 
and tannin (II)- see below (see also Sect. 8.6). 

A review ofthelarge nurober of publications using Iignin and/or tannin as 
wood adhesives is beyond the scope of this book. Excellent reviews oflignin by 
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Glasser and Sarkinen [42], SeHer [43], and Pizzi [1] are available. Chapter 5 of 
Pizzi's book [1] contains a review of tannin-based wood adhesives. 

There are, however, some recent developments that provide an overview of 
the current status of these naturally occurring materials. 

6. 1. 1.6.2 
Lignin 

Lignin, a polyphenolic component present in wood (ab out 20% ), is a by-product 
of the paper pulping process. It is estimated that over 50 million tonnes oflignin 
are produced worldwide with the majority burned as fuel. Small amounts are 
used as dispersants, oilfield drilling muds, concrete additives, and adhesive 
extenders. Lignin sulfonates, by-products of the sulfite pulping process, are used 
as extenders for wood adhesives. 

Since lignin must be removed from wood for paper, there have been many 
attempts to delignify wood into low MW soluble components. Delignification 
[44] of wood in non-aqueous media, also known as organosol pulping, has 
been a subject of considerate interest since the concept was first proposed in 
the early 1900s. Mildacid hydrolysis of lignin cellulose bonds under solution 
conditions (alcohol, dioxane, phenol, acetic acid) is organosol pulping and 
leads to lignin as a polyphenol characterized by high purity and low MW, 
being used as a partial replacement of phenolic resin in plywood, OSB, and 
waferboard. Analyses oflignin hydroxyl group (phenolic and aliphatic OHs) is 
quite complex. Six different soluble lignins were recently subjected to an inter­
national round robin analyses of hydroxyl groups by 1 H, 13C, 31 P NMR, FTIR, and 
wet chemical methods [45, 46]. The agreement between all methods is only 
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approximate. The most rapid method to determine hydro:xyl ratio (phenolic/ 
aliphatic) uses FTIR or 1H NMR of acetylated samples. 

Advantages and disadvantages of organosol pulping processes have been 
reviewed and proposed as complementary systems to pulping rather than 
separate pulping operations [47]. 

Alcell Technologies of Repap (Valley Forge, PA) have developed a process 
for soluble lignin in a demonstration plant located at Miramichi, N .B., Canada, 
with a capacity of 120 tonnes/ day. Up to 20 o/o of powdered phenolic face resins 
for waferboard can be replaced by Alcelllignin; 15 o/o of resin solids plywood 
adhesives can be replaced based on successful manufacturing tri als [ 48]. 
Similarly the use of Alcelllignin ( up to 20 o/o) in powdered or liquid phenolic 
resin for waferboard or PB leads to similar properties of the panels with an 
accompanying reduction in CH20 emissions released from the press vent [ 49]. 
Authors claim that lignin is acting as an F scavenger. Thus pure lignin can 
be directly substituted for a portion of the phenolic resin used as wood 
adhesive. When lignin is methylolated (in situ reaction of lignin with CH20) 
the resulting product is reported to replace up to 35 o/o of phenolic resin solids 
inMDF [43]. 

6. 1. 1.6.3 
Tannin 

HO 

{OH) 

OH 

OH 

Tannin {II) 

Depending on wood source, there are a variety of tannins which have been 
evaluated as wood adhesives. The most common commercial tannin extracts 
are mimosa hark tannin, quebracho wood tannin, pine hark tannin, and pecan 
nut pith tannin. Various extraction conditions are employed to isolate these 
materials in low to medium yield. Tannins are phenolic in structure but are 
more reactive toward CH20 than the similar reaction of phenol with CH20. 
While resoles are readily isolable from the reaction of phenol with CH20, 
"tannin resoles" are not stable and continue to condense/oligomerize due to 
tannin reactivity. Thus the use of tannins as wood adhesives involves the addi­
tion of a CH20 source prior to its use as an adhesive. Formaldehyde sources 
are paraform, hexa and U/F concentrates. Without the CH20 source, tannin 
is unreactive with a long shelf life in liquid and powder forms. Depending on 
open positions, 6 and 8, and ratio of pyrogallol to catechol (ring B) which is 
obtained by 13C NMR, comparative gel times at 94 °C of tannin extracts with 
40 o/o CH20 leads to the ranking: pecan nut > pine > mimosa > quebracho. 
According to Pizzi [1] other factors such as degree of polymerization and 
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branchinglrearrangement may also contribute to these differences in gel times. 
By adjusting the pH to 9-10 slower gelling tannins (mimosa, quebracho) can 
approach gel speeds of pine and pecan nut tannin extracts. 

6.1.1.7 
Non-Wood Materials 

Agricultural waste materials or "agriwaste" are becoming a viable raw material 
in the manufacture of PB and MDF panels. Several agriwaste products have 
been transformed into panels; these include wheat straw, rice straw, and 
bagasse. These waste materials are extremely attractive for those countries 
which lack adequate wood supply such as Pakistan and India. Other countries 
including the United States and Canada have plants or plan to build plants to 
produce panels from agriwaste. The agriwaste panel business concept is based 
on regional availability of annual crop waste at a low price ($ 24-40/tonne) 
and low freight. Compak (UK) provides turnkey plant operations in trans­
forming agricultural waste into commercial panels using MDI adhesive. These 
are relatively small plants with annual capacity of 12,000 m3/year as compared 
to a volume in excess of 100,000 m3/year for a dedicated panelplant based on 
wood materials. Mott [50] of the Biocomposites Centre (University of Wales, 
UK) has reported a variety of adhesives (U /F, MUF, PF, and MDI) that are satis­
factory adhesives for agriwaste panels. 

6.1.1.8 
Structural Wood Gluing 

6.1.1.8.1 
lntroduction 

The attachment of wood components via RT curing adhesives rather than 
metal fasteners (nails or screws) is dominated by resorcinol formaldehyde 
(RF) resins. The resulting bond has high structural strength exceeding the 
strength of wood, is resistant to most conditions that wood is exposed to, and 
maintains original load bearing strength during exposure to all types of 
climatic changes. Depending on whether the bonded wood component is for 
indoor or outdoor use, cold setting adhesives are based on urea, resorcinol, 
or phenol!resorcinol combinations. UF resins are satisfactory for interior 
components. 

RF adhesives were important during the 1940s for airplane construction, 
laminated wood propellers, and wooden hulled ships [51]. As a follow-up 
to thesewartime efforts, the use of RF adhesives gained prominence in con­
struction of laminated wooden beams, arches, and other structural wooden 
elements. These glue-laminated timher beams (glulams) are widely used for 
large span structures such as arches, domes, and bridges. Features are light 
weight, economical production of tapered and curved components, excellent 
energy absorption characteristics, and attractive appearance. 
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6.1.1.8.2 
Resorcinol Adhesives 

RF resins are costly because of the raw material cost of resorcinol. There are 
only three producers of resorcinol: Indspec in the United States, and Mitsui 
Petrochemical and Sumitomo in Japan. Resorcinol is highly reactive in the 
presence of formaldehyde whereby a 0.5-0.7 mol/1 ratio of formaldehyde 
to resorcinol is combined under mildly basic conditions for a water soluble 
product. 13C NMR analyses byWerstler [52] and Kim et al. [53] provide struc­
tural assignments of resorcinol formaldehyderesins to show that the 4-posi­
tion is the favored position. 

OH OH OH OH OH OH OH 

&- ~ ~ an 4 OH 0 HO OH OH OH OH OH f 
Resorcinol 4,4' Dimer 2,4' Dimer 2,2' Dimer 

Formation of dimers, trimers, etc. occurs via 4,4'-; 2,4'-methylene units 
with a small amount of 2,2'- methylene linkage as the MW increases. 

Indspec 2170 resin (used as wood adhesive, tire cord adhesive, etc.) 
contains 17.6% free resorcinol, and a ratio of 17.5:7.4:1.0 for mono-, di- and 
trimer species [52]. 

The majority of RF wood adhesives are modified with phenol to reduce the 
cost. Phenol and excess F are pre-reacted under alkaline conditions to form 
a low MW resole with subsequent addition of resorcinol to react with the 
methylol groups. 

Base -
OH 

~H,OH 
Low MW Resoie 

Resorcinol 

"RPF Resins" 

Recent work by Christjansen et al. [54] identifies p-methylol phenol as 
reacting much faster with resorcinol as compared to o-methylol phenol. 
Further improvements in reactivity of methylol phenols with resorcinol occur 
with NaOH or zinc acetate catalysts. 

Depending on use, RPF resins can vary from 20 to 50% resorcinol. Recent 
studies by Pizzi and Scopelitis [55] indicate that resorcinol content can be 
reduced to about 10% in an RPF resin by introducing small amounts of urea 
as a branching unit during resin preparation. Good adhesive performance is 
maintained as is typical of RPF cold setting adhesives. 

The convenience of room temperature eure of RF or RPF adhesives requires 
the introduction of a CH20 source. Paraform with a filler such as wood flour 
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or outshell flour facilitate RF or RPF resin eure under neutral or alkaline 
conditions. The resulting bond possesses high strength, creep resistance, high 
humidity/water resistance, and excellent long term durability. Depending on 
the wood component and the urgency of assembly, superior performance 
coupled to convenience ofbonding large parts at ambient temperatures justify 
the use of these costly adhesives. 

6.1.1.8.3 
NewAreas 

FRP Glulam Adhesive 

A recent use of RF resin as an adhesive to bond fiber reinforced plastic (FRP) 
to glulam beams appears quite promising. The resulting bonded FRP glulam 
system serves to improve the relative stiffness and strength of the glulam [56, 
57]. The FRP glulam system utilizes an FRP pultruded flat profile of unidirec­
tional glass, carbon fiber, or aramid in a thermosetting resin (polyester, vinyl 
ester, epoxy, or phenolic) or thermoplastic resin (see High Performance and 
Advanced Composites chapter 6.1.5) joined to the glulam. Integrating the 
pultruded component to the glulam results in a wood/composite beam that 
can be customized for tension, compression or shear strength. Figure 6.7 
shows the use of FRP glulam system for a bridge ( Clallam Bay Bridge, Clallam 
River, Sekiu, WA). Aramid provides best tension reinforcement while CF op­
timizes compression reinforcement. 

Fig. 6.7. Use of FRP glulam on Clallam Bridge, Sekiu, WA 
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Coupfing Agent 

There are many wood bonded systems which are not sufficiently durable for 
structural exterior applications or do not develop sufficient adhesion. Although 
epoxy adhesives develop dry shear strengths that exceed wood strength, epoxy 
bonds fail in delamination once exposed to severe stresses of water soaking 
followed by drying. Besides epoxy adhesive wettdry weaknesses, common 
wood adhesives do not adhere to wood treated with chromated copper arsenate 
( CCA) preservative sufficiently to meet rigorous industrial standards for resist­
ance to delamination. 

The development of a chemical or physical bond in the interfacial region 
between the adhesive and the adherent could provide the necessary adhesion 
between these two dissimilar regions. Coupling agents are known to promote 
fiber-matrix adhesion in FRP composites. Silanes are recognizable coupling 
agents used in glass/matrix resin systems. Vick and coworkers [58-60] have 
observed that hydroxymethylated resorcinol (HMR) is a suitable coupling 
agent to couple epoxy and other thermosetting adhesives to wood. HMR is 
prepared as a 5% aqueous solution by reacting 1.5 moles of F to R under mild 
base conditions. Partial analysis suggests hydroxymethyl resorcinol along 
with dimer, trimer are the components contained in HMR. One half percent 
of dodecyl sodium sulfate is added to the resulting aqueous resin to aid in 
wetting of the wood surface. HMR treatment of the wood surface and RT 
evaporation of water leads to a primed surface which exhibits increased 
delamination resistance and shear strength of various epoxy resin systems to 
softwood and hardwood species as well as wood to FRP, such as FRP glulam 
above [61]. CCA treated southern pine lumber primed with HMR facilitated 
excellent adhesion with epoxy, RPF, and isocyanates. 

OH 

A + Dimer, Trimer 

~OH 
CH20H 

"HMR" 

6.1.1.9 
Summary/Future Directions 

Phenolic resin continues tobe the preferred adhesive for bonding wood com­
ponents into exterior grade products. The role of wood surface, extractibles, 
remaining volatiles within the wood, and wood functional group orientation 
after drying are all important wood characteristics to be considered in 
bonding wood segments into panel products. Changing wood source and the 
impact of the change has resulted in the evolution of new wood products, 
waferboard, and OSB, the later looming as a serious contender to plywood. 
Bither liquid or solid resoles are effective adhesives for OSB. Lumber products, 
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namely LVL and Parallam®, are expected tobelarge volume wood products 
due to favorable product properties and scarcity of similar lumber products 
from harvested trees. 

New process developments which are expected to improve overall OSB line 
speed and economics involve the use of steam injection pressing and wider 
presses. Better quality and improved panel properties are expected from new 
developments in OSB flake preparation and uniform mats. 

Regenerable modified adhesives based on lignin and tannin are briefly 
described. Depending on modification of these materials, up to 40% can 
replace phenol!phenolic resin in phenolic resin adhesive formulation for 
different panels. 

Annually renewable agricultural waste is being processed into panels that 
may compete with wood-based PB and MDF. Global activity in establishing 
regional plants that rely on low cost "agriwaste" with low freight cost has 
resulted in panel manufacture based on wheat straw, rice straw, bagasse, and 
others in many countries worldwide. 

Resorcinol resins continue tobe the adhesive of choice for room tempera­
ture eure of wood products. New areas include the use of RF or RPF as adhesive 
to bond FRP to glulam and the use of hydroxymethylated resorcinol as wood 
coupling agent. 

6.1.2 
lnsulation 

6.1.2.1 
lnorganic Fibers 

6.1.2.1.1 
lntroduction 

lnorganic and organic materials can be transformed into attractive thermal 
and sound insulation products. Thermal and acoustical insulation continues 
to be an important market segment for phenolic resins as either binders 
for inorganic/organic fibers or as resin transformed into a foam structure. 
Phenolic resins are used as the hinder for fiber glass and/or mineral wool 
thermal insulation and for reclaimed natural and organic fibers used as 
thermal!acoustical insulation in automobiles. The conversion of phenolic 
resin into foam encompasses a manifold of foam applications from insulation, 
floral, orthopedic to mining-tunnel use. The thermal insulation (.A value) 
characteristics of phenolic foam are quite favorable as compared to other 
polymerk foams. Thermal insulation materials, especially polymerk foams, 
compete on a cost performance basis when many factors are considered in the 
selection of materials. These include density/strength, thickness, thermal 
insulation rating (usually expressed as "R" value or thermal resistivity) and 
service temperature. In Table 6.19, R values and thicknesses for several mate­
rials are listed [ 1]. 
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Table 6.19. "R" values for various insulation materials: "R" -value •, thickness in cm 

Insulation material .A K-Factorb 7 5.3 3.5 1.8 Maximum 
Service 
Temp oc 

Phenolic 0.017 1.73 12.2 9.1 6.1 3.0 150 
PUR/PIRc 0.026 2.60 18.3 13.7 9.1 4.6 125 
Extruded polystyrene 0.029 2.88 20.3 15.2 10.2 5.1 75 
Expanded polystyrene 0.035 3.46 24.4 18.3 12.2 6.1 75 
Glass fiber 0.040 4.03 28.4 21.3 14.2 7.1 450 
Mineral fiber 0.050 5.04 35.6 26.7 17.8 8.9 450 
Perlite 0.056 5.62 39.6 29.7 19.8 9.9 
Vermiculite 0.069 6.91 48.8 36.6 24.4 12.2 

• m2 • K/W. 
b (W · cm)/h m2 • K. 
c Polyurethane/polyisocyanurate. 

The "R" values protocol was developed in North America and is related to 
the thickness of insulation material (in inches). It is the reciprocal of the K 
factor (thermal conductivity) whose units are BTU · in/h.ft 2 0 F. R values of 10, 
20, 30, and 40 were tabulated with corresponding foam thicknesses. These R 
values were applicable to different geographical regions of North America. 
Recommended R values for ceilings/walls/floors for Chicago are listed as R 
33/19/22 respectively while for New York values are R 30/19/19. Thus poly­
urethane/polyisocyanurate (PUR/PIR) foam thickness for Chicago would 
be 5.4/3.4/4 (inches) and for New York 5.4/3.4/3.4 (inches). These values 
and thicknesses were guidelines for the home construction industry to use 
sufficient foam thickness or inorganic materials for satisfactory home and 
warehause insulation in ceilings/walls!floors. By examining the R value table, 
North American builders could determine the thickness of insulation for 
ceiling/wall/floor that would be suitable and could specify the type of material 
(foam or inorganic material). 

R values listed in Table 6.19 relate to the metric system with arbitrary R 
values of 7, 5.3, 3.5, and 1.8 which equate to 40, 30, 20, 10 R values (in U.S. units) 
and indicate insulation thicknesses in cm. Thus phenolic foam is the most 
effective thermal insulation material while vermiculite is the least with glass 
fiber/mineral wool intermediate. 

Market share and companies involved with inorganic fibers for building 
insulation in North America and Europe are shown in Fig. 6.8. Valurne of in­
organic fibers continues to be greater than polymerk foam materials 
(Table 6.20). 

6.1.2.1.2 
Types of lnorganic Fibers 

Inorganic fiber-based products that are transformed into thermal insulation 
consist of either glass or mineral wool fibers. Different continuous processes 
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30 o/o 

Saint-Gobaln 
40 % 

Fig. 6.8. Market share for North America and European companies engaged in inorganic 
fibers for insulation ( 1993) 

Table 6.20. Volume of in­
sulation materials in Europe 
(1994) 

Material 

Mineral wool 
Polystyrene 
Polyurethane 
Miscellaneous 

Volume (million m3) 

55.1 
21.3 
3.9 
3.0 

[2] are involved whereby the molten inorganic composition flowing from a 
melt furnace is divided into streams and attenuated into fibers. The fibers are 
collected in a felted irregular manner to form a mat. To produce most thermal 
insulating products, the fibers must be bonded together in an integral struc­
ture. Thus, thermal insulation batts, acoustical tiles, and similar structures 
comprising glass, rock wool, or other mineral fibers are held together by a 
resinous bin der of 5-20 wt% to provide strength and resiliency to the struc­
ture and preserve insulating, acoustical, and dimensional properties. 

The most commonly employed hinder is phenolic resin which is water 
soluble, easily blended with other components (urea, silane, etc.), and diluted 
to low concentrations which are readily sprayed onto the fiber. The optimum 
amount ofbinder formostthermal insulation products should be sufficient to 
"lock" intersecting fibers into a mass by bonding the fibers as they cross or 
overlay. Binder compositions should exhibit good flow characteristics so that 
the hinder solution can be applied in low volume and flow into the fiber inter­
sections. Glass fiber insulation materials comprising very small diameter fila­
ments (3-6 jlm) are bonded with phenolic resins to reduce the brashness of 
glass fiber and provide flexibility to the fibers as they regain their original 
thickness after unfolding the compressed glass fibermaterial from its packag-
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Fig. 6.9. Glass wool insula­
tion products, Pfleiderer, 
Delitzsch, Germany 

ing container. Brashness is associated with dust and breakage of filaments 
during handling and shipping. Cured glass fiber/binder compositions are 
normally very bulky and voluminous. Batts and rolls used as insulation 
in buildings have densities ranging from 8 to 16 kglm3 and require hinder 
content of 3-7 wt%. Since it is expensive to ship bulky materials in an uncom­
pressed state, batts and rolls are bundled and compressed in packages 8-25% 
of manufactured thickness. Once unfolded the material should recover to 100% 
of its original volume. Insulation materials not achieving these recovery values 
would have difficulty meeting advertised thermal resistivity (R) values. Methods 
are available to fiber glass manufacturers that determine the amount of hinder 
present by loss on ignition test (LOI) which should be greater than 4%. With LOI 
determinations combined with photomicrographs, one can determine hinder 
junction quantity (f12) and relate to recovery of the material on unfolding. 

Differenttypes of glass fiber compositions are shown in Fig. 6.9. 

6.1 .2.1.3 
Resins for lnorganic Fibers 

Highly water soluble resole resins are prepared by reacting phenol with an 
excess of formaldehyde at temperatures below 70 °C. The F/P ratio is usually 
3.5-4.0 : 1. Generally alkaline earth hydroxides (calcium or barium) are used 
as catalysts. High quality resins are normally ash free with catalyst precipitat­
ed as carbonate or sulfate and removed by filtration. 

Excess F, as much as 7 %, is available to react with urea to a urea extended 
resole. Not only does urea react with F but it may [3, 4] undergo a co-conden-



Table 6.21. Phenolic resins binders for inorganic fibers [5] 

Refractive index 
Solicis content (%) 
Viscosity (mPa·s) 
Water dilutability 
pH 
Free phenol 
Free formaldehyde 
Density g/cm3 

B-time (130°) min 

PF resin 
(modified with urea) 
for mineral wool 

1.4610 
48.0 
<25 
00 

8.8 
<0.5 
0.4 
1.175 
9 
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PF resin 
(unmodified) 
for glass fiber 

1.4650 
49.0 
<25 

8.8 
<0.3 
7.0 
1.190 
5 

sation reaction with methylol phenols (Wood Composites chapter 6.1.1). Urea 
extended PF binders are more cost effective than pure PF resins but exhibit 
some loss in properties as urea content increases. If added urea is too high, 
product performance, particularly recovery from compression/rigidity, and 
especially after storage under humid conditions, will be decreased. 

Properties of phenolic resin binders for glass fiber and mineral wool are 
contained in Table 6.21 [5]. 

6.1.2.1.4 
Resin Formulation 

The resin is applied as a 10-15% aqueous solution. High water dilutability is 
attributable to the presence of mainly polymethyolated phenols with the pre­
vailing species being trimethylol phenol and very little dimer, trimer oligomer 
components. 

Composition for treatment of fiber glass or mineral wool is: 

- 100 pbw phenolic resole 
- 7 pbw 20 o/o ammonia solution 
- 0.02 pbw amino silane (y-aminopropyl triethoxysilane) 
- 0-800 pbwwater 

Ammonia reacts with free F and transforms it into hexamethylene tetramine 
as well as pH adjustment to a low alkaline value. Amino silane acts as a 
coupling agent to improve the moisture resistance and increase mechanical 
strength. Urea is added to the resin at the end of resin manufacture or 
immediately prior to use by the glass fiber producer. Lignin or lignin sulfonate 
salts are additives to improve PF/urea blend and reduce cost. 

Properties of mineral fiber mats are shown in Table 6.22. 
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Table 6.22. Physical properties of mineral fiber mats 

Property 

Density 
Behavior in fire 
Thermal conductivity 
Spec. thermal Capacity cp 
Noise reduction coefficiant 
125Hz 
500Hz 
1,000 Hz 
4,000 Hz 

6.1.2.2 
Phenolic Foam 

6.1.2.2.1 
lntroduction 

Test method 

DIN 18165 
DIN 4102 
DIN 4108 

DIN 52212 

Unit 

Kg/m3 

W/mK 
KJ/kgoc 

Test value 

20-80 
Fire-proof A2 
0.040 
0.84 

0.17 
0.76 
0.86 
1.00 

The three basic mechanisms of heat transmission that are involved in thermal 
insulation are radiation, conduction, and convection. Thermal conductivity (..1 
in W/mK) or heat flow ofvarious components is shown in Fig. 6.10. Thermal 
insulation materials attempt to minimize and control these mechanisms. Con­
duction and convection are minimized by incorporating a large number of 

Fig. 6.10. Thermal conduc­
tivity components vs density 
at 300 K: A, total conduc­
tivity; B air conduction; 
C radiation, D convection; 
E conduction of solid polymer 
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small, low density, low thermal conductivity elements (foam closed cells with 
low ..\ blowing agent). Radiation is reduced through the use oflow emittance -
high reflectance barrier film. Thus low density closed cell foams with low 
..\ blowing agents (..\:::;; 0.02) exhibit ..\ values of 0.018-0.035, have significantly 
lower than the total conductivity of solid polymer, and are attractive materials 
for insulation. 

Phenolic foam is recognized as a versatile foam composition which can be 
utilized in a variety of diverse market areas such as thermal insulation, fresh 
flower support, mine/tunnel use, or orthopedic foot impressions. These appli­
cations are dependent upon the cellular structure of the phenolic foam 
whereby a high closed cell content is necessary for thermal insulation while 
the completely open cell is critical for the floral application. Orthopedic foot 
impression type foam is mainly dependent on the friable nature of phenolic 
foam and ease of replication of a foot imprint. Mine or tunnel application 
requires an extremely rapid foam generation with corresponding fire resistant 
properties. 

The attractive characteristics of phenolic foam for insulation were the 
motivating factors for its commercialization by Koppers in 1983. It was known 
as Exeltherm Xtra and reported by us in a previous publication [6]. Although 
possessing favorable fire/smoke/low toxicity (F/S/T) properties, high upper 
temperature usability at 150°C, and an excellent K factor, phenolic foam was 
withdrawn from the market by Schuller in 1992. Schuller purchased Koppers's 
foam technology in the late 1980s but subsequently terminated the foam 
business activity due to corrosion problems emanating from roof decking 
components. Yet R & D efforts by many organizations continue in developing 
phenolic foam for thermal insulation by alleviating some of the past problems 
(see later). 

The components required to prepare phenolic foam are a liquid resole 
resin, surfactant, a blowing agent, and an acid catalyst. Depending on the end 
use application, surfactant and wetting agent (floral foam) may or may not be 
similar in the foam formulation. 

6.1.2.2.2 
Resins 

Phenolic resins are predominantly liquid resole resins. There are severallitera­
ture references that report the use of novolak resins with a chemical blowing 
agent. To date none of these disclosures has resulted in a commercial foam 
product [7]. 

Aqueous resoles consist of phenol and formaldehyde in molar ratios of 
1: 1.5-2.5. The reaction is conducted to yield resin with low amounts of resi­
dual formaldehyde and phenol. Low residual monomer content is beneficial 
during handling as well as to minimize monomer emission during the 
foaming process. Sodium hydroxide or alkaHne earth hydroxides are used as 
catalysts. Condensation is conducted within a temperature range of 60-90 °C. 
The desired resin solids content and viscosity are adjusted by distillation. 
The properties of a typical resole for foam preparation consists of about 80% 
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solids, with volatile components being water, formaldehyde, and phenol. 
A moderate viscosity of 3000- 8000 in mPa · s is desirable with a residual water 
content of 5-10 o/o. 

Many variables relate to the final foaming behavior of the resulting resole. 
Within the prescribed solids, viscosity, and water content of the resin, a reac­
tivity test is usually conducted with the resin. Many different resin reactivity 
tests have evolved for the evaluation of resole resins for foaming. These tests 
are proprietary and are mutually developed between resin manufacturer and 
foam producer. For example, one partieular reactivity test consists of a known 
amount of resin at 20 °C catalyzed with 5 ml. of phenol sulfonie acid and the 
time to reach 50 °C by acid catalyzed reaction gives the nurober of seconds of 
resin reactivity. This quantity in seconds provides the basis for determining 
whether the resin will foam favorably in the customer's foam operation. If the 
resin reactivity is satisfactory, one can formulate the necessary components 
within the resin and conduct foaming. 

Foam density is regulated by the type of surfactant, amount of blowing 
agent, catalyst content, temperature, and reactivity of the resin. Reactivity is 
influenced by storage time of the resin. The storage life of high solids resoles 
(- 80 o/o solids) is limited, and generally 2-4 months storage at 5-10 oc is 
optimum. Resins reactivity decreases with increasing storage time. Similarly 
resin viscosity increases considerably; maximum viscosity should be below 
10,000 mPa · s. 

6.1.2.2.3 
Cotolysts 

Moderately strong organic acids ( sulfonic acids) are effective in catalyzing 
the resole resin into foam. Typieal sulfonie acids such as p-toluene, phenol, 
cumene, xylene, and methane sulfonie acids provide optimum curing/foaming 
rates. Inorganie acidssuch as H2S04 and HCl should be avoided due to severe 
corrosion problems. An exception is the use of small amounts of phosphoric 
acid which is non-corrosive and provides improved flame resistance of the 
foam. Lesser common acids consist of oligomeric sulfonie acids [8] and 
sulfonated novolaks [6]. These latter acids allegedly exhibit minimal foam 
corrosion by incorporation into the foam network structure by co-reaction. 
Acid free systems can be obtained by using resorcinol novolak [6]. A newer 
catalyst system based on resorcinol, diethylene glycol, and xylene/toluene 
sulfonie acid mixturewas recently reported [9]. 

6.1.2.2.4 
8/owing Agents 

The role of the blowing agent is to reduce the exotherrnie heat of reaction that 
occurs during acid catalysis of the resole resin. Heat of vaporization of the 
volatile blowing agent moderates the exotherrnie reaction and results in a 
uniform expansion of the growing phenolie resin network. Liquids with a low 
boiling point and corresponding low heat of vaporization are desirable 
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blowing agents. Liquids which are non-solvents for the resole resin are highly 
desirable. Slightly soluble blowing agents result in a coarse, friable cell struc­
ture. Newer environmentally acceptable HCFC solvents exhibit poor foaming 
performance in phenolic foam as compared to banned CFCs. Similarly per­
fluoroalkanes used alone are poor. However a blend ofHCFC and perfluoroal­
kane is suitable [10]. Suitable blowing agents are: 

Hydrocarbons B.pt. (0 C) 
- Isopentane 
- n-Pentane 
- Cyclopentane 
- Isohexane 
- n-Hexane 
- Petroleum ether 
Ethers 
- Diisopropyl ether 
Fluorocarbons 
- HCFC-141 b (CC12FCH3) 

- HCFC-22 (Cl2FCH) 
- HCFC-142b (ClF2CCH3) 

28 
36 
49 
60 
69 

30-60 

68 

32 
-40.8 

-9.8 

The liquid blowing agent must volatilize as soon as the viscosity or the 
phenolic "growing network" increases. Foam expansion occurs as the exo­
therrnie crosslinking reaction continues with either the blowing agent 
entrapped within the cellular structure ( closed cell) or the cell is ruptured 
resulting in a partly open/closed cell foam or a fully open cell foam. In addi­
tion to volatilization of the blowing agent, water and monomers are volatilized 
during the foaming operation. Flammability of a non-halogen blowing agent 
is an issue and requires the necessary safety precautions. Safe use of pentane 
as blowing agent in PUR is reported [ 11]. 

The use of C02 as an "in situ" blowing agent has been reported [12]. By 
using small amounts of isocyanates in an acid catalyzed resole foam formula­
tion, C02 is generated by the reaction of water with isocyanate and leads to 
phenolic foam with densities of 16-320 kg/m3• 

6.1.2.2.5 
Surfactants 

Surfactant as the name implies must act as a surface active agent by lowering 
the surface tension of the resin formulation and by providing an interface be­
tween the highly polar phenolic resin and the non-polar blowing agent.lt must 
be miscible or dispersible in the resin, non-hydrolyzable, and resistant to the 
acid catalyst. The surfactant prevents the developing foam from collapsing or 
rupturing. Proper selection and/or design of the surfactant generally yields a 
phenolic foam with a uniform, fine, cellular structure. Nonionic and silicone­
containing surfactants are commonly used [ 6]. The amount added may vary 
from 1 to 5 %. Depending on the amount added, too little surfactant fails to 
stabilize sufficiently the foam, resulting in very coarse cell structure or foam 
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collapse. When too much surfactant is used the foam may collapse or yield a 
plasticized foam. Newer reports mention a gelling surfactant which accepts 
water formed during curing/crosslinking reaction [13]. 

6.1.2.2.6 
Wetting Agents 

Wetting agents are necessary only in the production of phenolic floral foam. 
Besides the usual components in the resin formulation (resole, surfactant, 
blowing agent, and catalyst), a wetting agent is introduced prior to catalysis. Suit­
able wetting agents are detergent-like compounds such as alkyl ether sulfonate 
salts, alkyl benzene sulfonate salts, and fatty alcohol ether sulfonate salts. 

6.1.2.2.7 
Filters 

For high density foams (>50 kg/m3} fillers such as Al( OHh, ammonium poly­
phosphate, graphite, calcium silicate, and calcium carbonate are used [14]. 
Moderately viscous resin solutions are obtained when fillers are introduced. 

6.1.2.2.8 
Foom Stobilizers 

Adjuvents or viscosity modifiers are identified and claimed to improve effi­
ciency ofblowing agent, reduce brittleness, and maintain high closed cell struc­
ture. Butyrolactone [ 15], ethylene or propylene glycol, dipropylene glycol, polar 
solvents (DMSO, NMP), different morpholines [16), and perfluoro-N-methyl 
morphoHne [ 17] are mentioned. 

6.1.2.2.9 
Foom Applicotions 

Thermaflnsulation 

Low Density Foam (<50 kg!m3) 

There are many desirable properties of phenolic foam that warrant its accep­
tance as a material for thermal insulation: 

- F/S/T properties 
- High service temperature of 150 oc 
- Lowest A. value for organic polymerk foam 
- Satisfactory strength at economical density 
- High closed cell (under special conditions) 
- Reduced friability 

yet recurring problems associated with corrosion and closed cell are discussed 
(below) and must be resolved for successful reintroduction of phenolic foam 
for insulation. 
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Corrosion. The main defieieney that let to the withdrawal of phenolie foam as 
thermal insulation was eorrosion. It is not clear whether the quality or quantity 
of sulfonic aeid eaused the eorrosion problem. Use of oligomerie sulfonie aeids 
which would eo-reaet and become part of the foam network offers potential as 
well as the reeent use of eombined resoreinol/glyeol!sulfonie acid system [19]. 

C/osed Ce//. The low A value is eontingent on high closed eell. Attaining a high 
amount of closed eell requires either eondueting foam expansion under 
pressure or eondueting the foam expansion at temperatures below 100°C 
followed by post eure. A pressure of about 14 Pa is recommended [18] to 
obtain high closed eell during foam expansion. This pressure minimizes any 
eell rupture that ean oeeur and maintains volatile emissions, water, and blow­
ing agent within the closed eell. Thus bateh and eontinuous foam operations 
require some opposing pressure (eontinuous) or closed mold (bateh) to 
manufaeture foam with high closed eell. 

N ewer teehnology developed by Owens Corning [ 19] deseribes the foaming 
operation being eondueted below 100 ac until foam is eured followed by post 
eure eonditions. High closed eell (>90%) is obtained with moderately eon­
stant A value of 0.0188 and increasing to 0.0195 after 28 days at 100°C. 

Other methods for closed cell include the use of "foam stabilizers" which 
arepolar solvents such as butyrolactone, DMSO, NMP, and various morpho­
line compounds, and facilitate closed cell by plasticizing the phenolic resin 
network, allowing egress of water without cell rupture. Long term A values 
have not been reported. It is uncertain whether these foam stabilizers com­
promise the favorable F/S/T characteristics of phenolic foam. 

Medium to High Density Foam 
Highly filled foam systems (:::; 300 phr filler) can be formulated and extruded 
through a slot die using a twin screw extruder. The extrudate from the slot die 
is foamed on a continuous double belt press at a speed of 2 m/min. Foam 
density is 92 kg/m3 [20]. Although no applications are mentioned in the 
publication, high density, fire resistant foam product would be attractive in 
wall paneling, flooring materials, or interiors of mass transportation vehicles. 

Other highly filled foam systems are extruded onto steel plate or gypsum 
board and then Iaminated with another plate or aluminum treated paper. 
These fire resistant Iaminates with high density phenolie foam core are report­
ed tobe used for interior/exterior walls, partitions, and building materials in 
general [21]. 

Floral Foam 

By foaming resole into a eompletely open cell material with erisp friability and 
high water absorption, a unique phenolie foam product enjoys favorable 
acceptance as a fresh flower support for floral arrangement. The product must 
saturate water within 1-2 min by floating the dry brick whose dimensions are 
23 x 11 x 8 cm in water. The dry brick weighs 40 g (20 kg/m3 density) and 
absorbs 1900 g, almost 2 1 of water or ab out 50 tim es its weight in water! The 
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Table 6.23. Physical pro­
perties of phenolic resole 
resin for floral foam [5] 

Dry solids 
Viscosity, 20 oc 
Specific gravity, 20 °C 
Reactivity, T max 

Content of free phenol 
Content of free formaldehyde 

77.5-79.0 
2300-3000 
1.28-1.32 
104-107 
5.4-6.0 
0.5-1.0 

o/o 
MPas 
g/cm3 

oc 
o/o 
o/o 

proper balance of components such as resole, surfactant, wetting agent, blow­
ing agent, and catalyst leads to floral foam. The crisp friability of the wet foam 
allows easy penetration of flower stems into the foam, even soft stemmed 
flowers such as tulips, anemones, and other fragile, spring flowers. 

By · modification of the foam composition, floral foam can be used as 
growing medium for propagation of bedding plants such as poinsettias, 
chrysanthemums, and other greenhouse plants. 

Properties of phenolic resole resin for floral foam are listed in Table 6.23 [ 5]. 

Orthopedic Foam 

Another attractive and unique application for phenolic foam is its use for 
cast impression or replication of a foot imprint. Phenolic foam for the ortho­
pedic application must be very crisp, friable, and moderately low density, 
8-12 kglm3• The dimensions of the orthopedic foam for the foot imprint are 
30 x 15 x 5 cm. By assisting the patient and pushing the entire foot into the 
foam, a uniformly replicated footprint is obtained that is later duplicated in the 
finished orthotic device. Orthopedic foam is very effective in providing an 
imprint which is later duplicated by a plaster of Paris casting. The plaster of 
Paris foot casting facilitates the fabrication of custom made shoes for those 
individuals who require comfort during long hours while on their feet. 

Properties of phenolic resole resin for orthopedic foam are listed in 
Table 6.24. 

Mine/Tunnel Foam 

This is a two component,room temperature stored composition which is avail­
able to fill voids or openings in mines/tunnels. The two components must 
instantly react and foam on mixing and eure rapidly in the mine opening or 
void. Usually an inorganic carbonate is dispersed in the resin along with 

Table 6.24. Physical pro­
perties of phenolic resole 
resin for orthopedic foam [5] 

Dry solids 
Viscosity, 20 oc 
Specific gravity, 20 oc 
B-time, 130°C 
Content of free phenol 
Alkali content 

78-81 
3500-4100 
1.23-1.24 
12 
13.0-15.0 
1 

o/o 
MPas 
G/cm3 

Min 
o/o 
o/o 
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a surfactant and some filler. This represents the resin component while the 
other component is the acid catalyst. Upon mixing the two components, the 
"expanding" mixture is rapidly thrust into the mine opening as co2 is liberat­
ed from the carbonate. New efforts in this area have identified the use of 
thixotropic agents to maintain resin uniformity [22]. 

Hybrid Phenolic Foams 

Many hybrid phenolic foams have been described in the literatme and include 
a variety of components that co-react with the phenolic segment to yield modi­
fied phenolic foam systems. The rationale behind the hybrid approach is the 
combination of favorable features of the phenolic foam segment (FST, high 
heat and chemical resistance) with another component which would improve 
phenolic foam limitations such as reduced brittleness, friability, and emissions. 

Polyurethane 
Using high ortho liquid resoles (see chapter on Chemistry, Reactions, Mecha­
nisms) as the polyol, and subsequently reacting it with diisocyanates yields the 
corresponding polyurethanes [23]. In some instances, chloro phosphate esters 
are added to provide flame retardant foam. 

Urea Formaldehyde 
A co-reaction between resole and UF resin is claimed to yield the correspond­
ing PF/UF foam [24]. 

Furfuryl Alcohol 
Furfuryl alcohol co-reacts with resole [25] or resole/novolak mixture [26] and 
acid catalyst to yield a PF/FA foam. 

6.1.2.2.10 
Foaming Equipment 

Foaming conditions and equipment required for the various phenolic foams 
are summarized in Table 6.25. 

Table 6.25. Foam conditions/equipment 

Foam type Density Batch Continuous 
(kg/m3) 

Insulation low density 32-50 Closed mold Double belt with pressure 

Insulation medium >50 Extrusion/double belt 
to high density 

Floral 24-32 Open/closed mold Belt with free rise 

Orthopedic 8-12 Open mold Same as floral 

Mine/tunnel 8-32 No mold 
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Table 6.26. Properties of various phenolic foams 

Foam Type 

lnsulation b 

Floral 
Orthopedic 
Mine/Tunnel 

• ASTM C421. 

Density 
(kglm3) 

32-50 
24-32 
8-12 

Irregular 

o/o Closed 
Cell 

>90 
None 
Open/closed 
Open/closed 

Friable Comp. Strength 
(o/o wgt loss)• (kg/cm2) 

<30 
High 
Veryhigh 
Irregular 

2.8-7 
0.7 
0.2-0.3 
Irregular 

b A = 0.018 W/m K; K Factor 1.73 (W · cm)/hm2 • K. 

Bat eh 

Water 
Absorption 

Verylow 
Veryhigh 
Low 
Low 

In many cases discontinuous or batch conditions are employed to produce 
phenolic foam in most of the above applications. For floral foam and ortho­
pedic foam satisfactory foam is obtained with low investment in equipment, 
molds (open or closed molds can be used, Table 6.25), and other components. 
For insulation foam, technology to date indicates that a closed mold is necessary 
for high closed cell content in batch operation. 

Continuous 

For insulation foam, double belt continuous line with pressure for low density 
closed cell foams (32- 50 kg/m3) is recommended. For medium to high density 
and highly filled foams (>50 kg!m3), a twin screw extruder into a heated slot 
die and continuous foaming on a double belt press are recommended. 

Floral foam and orthopedic foam can be foamed continuously without 
pressure, i.e., free rise allowing fully open cell (floral) or partial open cell for 
orthopedic applications. 

6.1.2.2.11 
Properties of Vorious Phenolic Foom Products 

An overview of the properties of various phenolic foams is contained in 
Table 6.26. 

6.1.2.2.12 
Foom Testing 

Fire Conditions 

The propensity of phenolic resins to undergo char formation and maintain 
structural integrity at elevated temperatures is unique to phenolic resins (see 
High Performance and Advanced Composites chapter) and is a major factor in 
the renewed interest in phenolic resins. 
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Table 6.27. Ignition and opposed flow flame spread data for rigid foams (LIFT, NIST) 

Foam (qig)a (tig) b K c 
(>C 

(kW/m2) (oC) (kW/m2K)2, 

PUR 21.0 445 0.037 
PIR 30.0 445 0.021 
Phenolic 30.0 524 0.11 

a (qig) minimum heat flux for ignition. 
b ( tig) temperature of ignition. 

tj)d (q,,min)< t,,min1 

(kW2/m3) (kW/m2) (oC) 

8.8 7.7 176 
28.0 10.8 201 
0.15 28.0 509 

167 

c Krc thermal inertia of material (product ofthermal conductivity, density and heat capacity). 
d <P flame heating parameter. 
e (q,), min minimum heat flux for flame spread. 
1 (t,), min minimum surface temperature for flame spread. 

Cleary and Quintiere [27] conducted an intensive characterization of foam 
plastics as a means of developing an alternate testing protocol to Stein er Tunnel 
Test (ASTM E-84). Although the E-84 is a widely accepted surface burning test 
for the building industry, there are many problems associated with the test such 
as lack of correlation to actual fire conditions, variability for repeat testing, and 
thickness Iimitation. Moreover the test requires large quantities of material for 
full size specimen of 7.3 x 0.5 m. 

The authors determined that the Cone Calorimeter (ASTM E-1354) and 
"Lateral Ignition and Flame Spread Test" apparatus (LIFT) were satisfactory to 
completely characterize foam flammability. Stevens et al. [28] similarly ob­
served that the Cone Calorimeter (E-1354) provided good correlation in 
various small scale fire testssuch as oxygen index (ASTM D-2863),NBS Smoke 
Chamber (ASTM E-662), and modified ASTM D-3806 (2ft tunnel test) instead 
of the Steiner Tunnel Test (E-84) to characterize novel polymerk systems 
completely. Recently Grand and co-workers [29, 30] have favorably compared 
the use of the Cone Calorimeter vs the OSU heat release calorimeter and favor 
its use in investigating fire resistant components for aircraft interior materials. 

Testing by Cleary and Quintiere using the LIFT apparatus was conducted 
on a bench scale level with optimum size samples (15.5 x 15.5 cm, with 50 mm 
thickness). Testing allowed evaluation of foam flammability and smoke 
obscuration. Other important fire characteristics that are determined are 
ignitability, opposed flow flame spread rate, rate of heat release, and light 
extinction from smoke over a range of external heat fluxes that can occur in a 
fire. In Table 6.27 Class I polyurethane (PUR), Class I polyisocyanurate (PIR), 
and Class I phenolic foam are compared relative to ignition and opposed flow 
flame spread. As expected, phenolic foam exhibited highest temperature of 
ignition, highest heat flux for flame spread, and highest surface temperature 
for flame spread than PUR and PIR. 

Comparison of similar materials via the Cone Calorimeter (Table 6.28) 
were inconsistent. Heat effects of PIR and phenolic foam were variable; only 
ignition time (tig) and smoke obscuration data (am, ave) were favorable for 
phenolic when compared to PIR or PUR. 
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Table 6.28. Cone Calorimeter test data of rigid foams (heat flux = 50 kw/m2) 

Foam ( tig) a PKHRRb 
(s) (kW/m2) 

PUR 4 147 
PIR 3 79 
Phenolic 9 111 

a ( tig) ignition time. 
b PK HRR Peak heat release. 
c T HR total heat release. 
d H, heat of combustion. 
• am, ave specific extinction ( obscuration). 

Thermal Conductivity 

THR' 
(MJ/m2) 

13.9 
4.7 

36.0 

Hd 
c 

(kJ/g) 

10.0 
9.1 

14.2 

403 
264 

72 

With changes in blowing agents from CFC to HCFC and possibly other 
aliphatic types as well as new types of foam being commercialized, long 
term thermal performance ( constant or variable A.) of foam products is an 
important characteristic which will determine the type and thickness of foam 
to consider for satisfactory thermal insulation. 

Bornberg [31] has developed accelerated test procedures to predict long 
term thermal performance of various foams and can compare them with field 
measurements. A thin layer scaling ( slicing) method is used for unfaced and 
homogeneaus foam. The scaling technique provides reasonably good agree­
ment for K values between predicted and field values ( within 6 o/o) over a 4 year 
period. For inhomogeneaus foam (faced foam or skin/core layers are signifi­
cantly different), an extrapolative model known as "distributed parameter 
continuum'' (DIPAC) is used [32]. The method requires measurement of 
changes in thermal resistance of thin surface and core layers. Various foams, 
including phenolic foam, were monitored under field conditions for 2.5 years, 
samples being periodically removed from the field (different roofs) and 
measured. The DIP AC model agreed favorably with field measurements. 

Foam structural parameters such as cell size and cell shape also relate to 
thermal conductivity and are discussed by Boothand Grimes [ 33] with respect 
to a study of extruded polystyrene foams and thermoset foams (polyurethane 
modified isocyanurate and phenolic foams). 

6.1.2.2.73 
Aerogels 

Early aerogels were prepared from oxides of silicon, aluminum, and zirconia 
using the sol-gel technique.Aerogels of silica [34] exhibited a density as low as 
0.01 g/m3• Fora given volume of this aerogel, more than 99o/o is air and less 
than 1 o/o is silica. High porosity and low density characteristics of aerogels are 
responsible for the extremely low thermal conductivity (A. -0.007 W/mK). 
Efforts by Pekala and others at Lawrence Livermore National Laboratories, 
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Livermore, CA have been successful in developing carbon aerogels based on 
resin systems of resorcinol!formaldehyde or novolak/furfural by sol-gel 
polymerization followed by supercritical drying from co2 and subsequent 
pyrolysis in an inert atmosphere. Materials can be thin films, powders, or 
microspheres [35]. Carbon aerogels exhibit an open cell structure with an 
ultra fine pore size ( < 100 11m), high surface area (400-1100 m2/g), and a solid 
matrix composed of interconnected particles, fibers, or platelets with 
characteristic dimensions of 10 nm. 

The manypotential applications for these unique materials include thermal 
insulation, chromatography packing material, water filtration, ion exchange, 
batteries, and capacitors. The ability to tailor the structure and properties of 
porous carbon suggests its use as electrodes in energy storage devices such as 
batteries and double layer capacitors. 

Recent thermal conductivity measurements of R/F aerogels conducted at 
the Bavarian Center for Applied Energy Research [36] are reported as 
5-8 x 10-3 W/mK in vacuo and 11-13 x 10-3 in air at room temperature. The 
measured conductivities may weil be the lowest thermal conductivities ever 
measured for any solid material in air. 

Aerojet (Sacramento, CA, USA) has produced aerogels with dimensions up 
to 30 x 30 cm by 2.5 cm with densities of 0.1-0.2 g/cm3 [37]. 

Although there have been several reports of improved processing to accel­
erate aerogel drying [38], carbon aerogels remain expensive. 

6.1.2.2.14 
Summary/Trends 

Thermal and sound insulation materials derived from inorganic or organic 
fibers continue to be bonded by phenolic resins. Higher temperature binders 
are desirable to increase the upper temperature use of inorganic fiber systems. 
A comparison of A values and R values identifies phenolic foam as the most 
efficient thermal insulation material among organic foams whereas products 
based on glass fiber or mineral wool are intermediate in thermal performance. 

Phenolic foam is shown to be a versatile material. By judiciously formulating 
various components with the appropriate phenolic resole resin, a wide range of 
foam products can be produced to service such application areas as insulation, 
floral, orthopedic, and mine/tunnel. New fire testing of foam products for the 
building industry is achievable with the Cone Calorimeter and possibly the 
newly developed NIST apparatus, LIFT. Satisfactory fire testing data are being 
generated with small samples using both of these pieces of apparatus. 

Determination of accelerated lang term A values by either the scaling or the 
DIP AC method provides A values within a few hours and results in satisfactory 
agreement with values obtained from field samples during the lifetime of the 
foam. Cell size and shape of foam are additional structural parameters that 
influence A value of foam. A new interacting foam structure, aerogel, which is 
based on phenolic chemistry possesses the lowest thermal conductivities for 
solid materials and shows promise as a hightechnologymaterial for challeng­
ing foam applications. 
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6.1.2.3 
Phenolic Resin-Bonded Textile Felts (DIN 61210) 

6.1.2.3.1 
lntroduction (Textile Recycling, Row Moteriols, Applicotions) 

For many decades, the textile industry has devoted considerahle effort to 
recycling textile scraps (trimmings and fihers) in an economically and 
environmentally acceptahle manner [ 1]. This is accomplished either hy recyc­
ling textile scraps into the production process, or hy using them to manu­
facture new products such as textile fiher-reinforced plastics. Many textile 
materials may he reprocessed using such methods. Long hefore glass and 
carhon fihers were used to reinforce plastics on an industrial scale, textile 
fiher-reinforced molding compounds were employed in automotive and 
mechanical engineering for purposes such as manufacture of gears for print­
ing pressesandtextile machines [2]. 

Phenolic resin-honded textile fiher felts containing 25-40% of a character­
istic hinder have heen familiar for more than 35 years, and also represent 
fiher-reinforced thermosets. They are used asthermal and acoustical insulat­
ing materials for numerous applications in the automotive market area, and as 
padding and insulating materials for hausehold appliances [3, 4]. The fihers 
used in such applications are recycled products from the textile industry, 
and in the case of cotton represent renewahle raw materials. These materials 
compete with thermoplastic or PUR foams in some cases, and the phenolic 
resin-hased hinders with thermoplastic melt hinders or melt fihers. Phenolic 
resin-honded textile fiher felts are set ahove the other products hy their out­
standing range of insulating and acoustical properties, low weight, and the abi­
lity to he comhined with many other materials. They are economical, and when 
properly fahricated, meet current automotive industry demands for lack of 
odor and no-fogging properties. All parameters relating to optimization of 
fiher and hinder quality as well as process conditions are presently ohserved 
in production of low or zero-emission textile fiher felts. The fihrous material 
and powdered resin are generally comhined at proportians that vary accord­
ing to the specific demands on the finished article, for example over a range of 
75:25-60:40 expressedas weight percentages. 

These materials, which have heen primarily used in the autornative industry 
for many years, represent recycled products containing lower levels of syn­
thetics than alternate materials. Numerous development and optimization 
technical programs in the hinder, fiher, felt, and automotive industries have 
demonstrated that the ecological and economical ohjectives determined for 
these materials can he quite satisfactorily achieved [5]. 

6.1.2.3.2 
Definitions 

Phenolic resin-honded textile felts may he considered fiher-reinforced plastics 
with a high {60-75%) level of fihers.According to Eisele [6, 7], such materials 
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may also be referred to as three-phase composites (fibrous material, cured 
phenolic resin and air) that are produced with bulk densities of 50-1000 kg/m3 

and thicknesses of 5-30 mm. DIN 61210 would term this type of material 
a binder-containing matting with cotton as the fiber of choice and phenolic 
resins as binders. 

6.1.2.3.3 
Composition of Textile Felts 

For economical reasons, fibrous material derived from treatment of textile 
scraps and trimmings in a shredding process are almost exclusively used. 
Cotton is particularly well suited for production of textile felts, since its struc­
ture (Fig. 6.11) affords a high level of airborne noise absorption in finished 
products of low bulk density, or high bending strength in the case of those 
with high bulk density. The melt binders must exhibit excellent wetting and 
impregnating abilities as well as adhesion [8]. The textile scraps may contain 
a certain fraction of polyester fibers, since the clothing industry generally uses 

Fibrillar Bundle 

~-1:lli:H----- Lumen (L) 

1>-- ---Tertiary Wall (11 

Fibrous Layers 

'd""'-------(P) 
~:.:SA~=---------(C) 

Fig. 6.11. Cottonfiber- structural model of discrete fiber [from 14] 
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Fig. 6.12. Formation of point bond between two fibers by phenolic resin (from [ 1]) 

fiber blends. The possibility that wool, polyamide, and acrylic fibers are present 
as components in shredded bulk fiber from textiles also cannot be overlooked, 
which are less satisfactory for mat production than polyester fibers. The 
binders used are powdered phenolic resins that melt and eure by application of 
heat, leading essentially to punctiform linking of the fibers by resin at their 
intersections (Fig. 6.12). In addition, the phenolic resins impregnate and coat 
the fibers, thus providing a supportive and reinforcing function. 

6.1.2.3.4 
Types of Resins for Textile Felts 

Phenolic resins for textile felt production are finely milled, powdered phenolic 
(generally novolak-hexa-based) resins that exhibit a specific particle size 
range and relate to the processing properties of free flow and metering ability. 
Powdered phenolic resins to which around 9- 10 o/o hexamethylene tetramine 
had been added (Table 6.29) were initially satisfactory. These resins, for 
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Fig. 6.13. Secondary reaction 
during curing of novolak with 
hexamethylene tetramine 

example Product A in Tahle 6.29, resulted in good productivity in the manu­
facture of sheet goods, and could also he used in production of Ioadhearing 
moldings. However, these products contained high Ievels of hexa as weil as 1 o/o 
or more free phenol in the hase resin, and developed an undesirahle odor 
caused hy suhstances such as dimethylamine, which may he produced in a 
secondary reaction during curing (Fig. 6.13). These nuisance odors were 
increased hy the odors of free ammonia and volatile phenolic components, and 
depended upon the storage conditions of the moldings. In the case of cotton­
containing matting, the volatile components are ahsorhed hy the fihrils and can 
he partially released (for example under the influence of a humid environment) 
to cause a "fishy" odor. This tendency is increased and enhanced when the core 
of low-density or variahle-density material is not completely cured or even still 
contains completely unreacted hexamethylene tetramine. The free phenol 
Ievels of the phenolic novolaks - the hase resins of the powdered hinder - were 
reduced to helow 0.2% (Resin Bin Tahle 6.29). A further reduction of the hexa 
Ievel to values helow 6% represented another significant step to counteract 
this trend. However, such hinders tended to afford reduced stiffness of the 
cured material if the curing time and temperature were not modified ( cf. gel 
"B" time of Resin C in Tahle 6.29). Further development work thus involved 
introduction of various accelerators to reduce the curing time and increase 
productivity (Resin D in Table 6.29). Figure 6.14 illustrates the accelerated 
curing properties of such resins as a function of the temperature on the hasis 
of a DSC conversion curve. Such a resin also allows work to he performed at low 
temperatures, and despite this affords good through curing and simultaneously 
permits milder thermal treatment of the surfaces of the moldings or sheets. 

The odor potential may he reduced to nearly zero [9] hy appropriate 
co-curing of the novolaks with methylol group-containing resins (Resin E in 
Tahle 6.29) and/or addition of a certain fraction of epoxy resin. However, such 
resin systems and particularly straight epoxy resins lead to an increase in the 
cost of the felts. New low-emission systems (Resin F in Tahle 6.29) have heen 
developed using lignin-modified resins as the hinder [10]. 

The tendency of the resins to cause sticking during feit production and 
processing may he reduced hy addition of releasing parting agents. Selected 
grades of high melting waxes are appropriate for this purpose. Dusting 
prohlems during processing are reduced to a minimum hy uniform addition 
of various antidusting agents [ 11]. Flame-resistant resin systems containing 
various Ievels and comhinations of fire retardants are used for felts required as 
insulating materials in autornative engine compartments or hausehold appli­
ances, or as insulation for air conditioners. Synergistic comhinations such as 
those of nitrogen, phosphorus, and horon compounds, if appropriately com­
hined with aluminum hydroxide, have heen found suitahle [ 12]. 
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Fig. 6.14. DSC conversion curves of accelerated and unaccelerated phenolic powder resin (in 
each case with 6% hexamethylene tetramine) 

Binders other than phenolic resins are also occasionally considered for 
textile felts [6]. However, the range of properties of the final product can be 
considerably altered by use of binders such as thermoplastics and elastomers 
in the form of powders, fibers, or emulsions. The advantages offered by the 
basic properties achieved with phenolic resins are generally not attainable by 
these other binders. Moreover, the fabrication techniques must be completely 
or partially altered, and costs can markedly increase. 

When using thermoplastic or elastomeric binders, undesirable changes 
may occur in the area of temperature~dependent strength levels and in the 
range of acoustical properties. Phenolic resins represent an attractive material 
component exhibiting greater versatility and suitability than other binders, 
particularly for applications in automotive engineering. 
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6.1.2.3.5 
Manufacturing Processes 

The main method employed for production of fiber felts is aerodynamic 
matting (cf. Fig. 6.15 for process diagram). Figure 6.16 shows the schematic 
of a felt production line, and Fig. 6.17 depicts the raw materials and finished 
product. 

The material, which has been spread out and finely divided by the shredding 
process, is first deposited as loose, fluffy batting on a conveyer belt (generally 
following a mixing operation designed to homogenize the bulk fiber), and 
transported to the powdering station. The powder resin is dispersed over 
the fibrous material using proportioning rollers, vibratory chutes, or similar 
metering equipment. The hinder must be nebulized in a stream of air in a sub­
sequent closed system to ensure that it is intensively and uniformly distributed 
throughout the fibrous material. The binder-containing dispersed fiber is then 
collected to the width of the fiber batting by aspiration in the gap formed be­
tween two punched screen rollers, and deposited as a felt. 

The felt can also be produced using the mechanical carding method, or 
by a combination of the two (mechanical and aerodynamic) processes. In the 
carding method, the fibers are combed out to extremely fine webs that are 
then alternately deposited lengthwise and crosswise over each other until the 
desired weight per unit area is obtained [ 1]. The carding process is rarely used 
for autornative felts. 

The uncured felts are further processed to manufacture either flatware (by 
complete through curing) or by way of precured flatware to yield moldings. 
In production of flatware, the fiber felt is held between two screen belts and 
passed into a hot air tunnel in which the resin is completely cured by air heated 
to a temperature of araund 160-200°C. The web must be cooled at the exit 
of the curing tunnel. The product is trimmed and rolled (Fig. 6.18), or 
immediately cut into sheets. 

For production of moldings, the material is only precured. This is achieved 
by briefly melting the resin in the curing tunnel at lower temperatures and 
high throughput speed to fix it on the felts. The raw mat obtained in this 
manner is later shaped to yield the finished article by application of pressure 
in heated compression molds (Fig. 6.19); the pressure, temperature, and 
pressing time depend on the thermal resistance of the fibrous material used, 
the curing properties of the phenolic resin (whether it is accelerated or un­
accelerated), and on the required bulk density (weight and dimensions) of the 
finished article. The pressing temperatures normally range from 160-200 oc 
at pressing times between 1 and 5 min. Following the shaping operation, the 
molding can be subjected to coating or cladding processes. The curing process 
provides the molding with the required stability, stiffness, and permanence of 
shape that must be ensured even under varying conditions of climate and at 
elevated temperatures. 
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Symbol 

Mixing 

Aerodynamic Matting 
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Fig. 6.15. Manufacture of resin-bonded textile felts (from [1]) 



178 6 Economic Significance, Survey of Applications, and Six Bonding Functions 

2 3 4 7 8 

Fig. 6.16. Schematic of a production line for phenolic resin-bonded textile felts (source: 
V. Schirp GmbH & Co. KG, Hildesheim). 1 Fiber Opener I, 2 Fiber Opener II, 3 Fiber Feeder, 
4 Aerodynamical Web Formation I (Fiber), 5 Weighing Belt, 6 Phenolic-Resin Feeder with 
Weighing Beit, 7 Aerodynamical Web Formation II (Fiber+ Phenolic-Resin), 8 Sieebeit Oven 

Fig. 6.17. Powder resin, 
shredded fiber, sheet goods -
raw materials and final textile 
feit product ( source: 
J. Borgers GmbH & Co. KG, 
Bocholt) 

Fig. 6.18. Textile feit fabri­
cation - semifinished goods 
outlet (source: J. Borgers 
GmbH & Co. KG, Bochoit) 



Fig. 6.19. Stripping oftextile 
feit compression molding 
(source: J. Borgers GmbH & 
Co. KG, Bocholt) 

6.1.2.3.6 
Properties and Applications 
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Textile felts are produced with bulk densities of 50-1000 kg!m3 and weights per 
unit area of 500-3000 g/m2 (Table 6.30). Textile felts possess high so und absorp­
tion and acoustical insulating capabilities, and their efficacy in this area gene­
rally exceeds by far that of other insulating materials such as polyurethane­
based foams (Fig. 6.20), crosslinked polyethylene, modified polystyrene, or 
PVC. Other outstanding typical properties of phenolic resin-bonded textile felts 
are their exceptional resistance to splintering under all conditions of climate 
and particularly in the cold, their high bending and surface strength levels, their 
good aging and thermal resistance, their recycling capabilities, and their ability 
to establish an effective heat/moisture balance. The versatility of textile felts is 
particularly evident in their ability to be combined with many cladding 
and decorative materials, with heavy-duty films to form Iaminates designed to 
dampen vibration, and even with glass cloth, metal films, embedded metal 
frames, holt anchors, and other components to yield multilayer composites. The 
benefits of this wide and versatile range of properties, are identified primarily in 

Table 6.30. Bulk densities and properties/applications of various types of felts 

Flatware at bulk densities of 50- 150 kg/m3 with so und absorption and padding functions is 
generally used below surfaces 

Moldings as functional components at bulk densities of 150-kg/m3 are self-supporting, 
absorb sound and are generally applied in visible areas 

Rigid compression moldings (RCM) as carrier components at bulk densities of 300- kg /m3 

serve as Substrates for decorative materials and are thus not visible 
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Fig. 6.20. Analysis of noise Ievel (articulation index) in an automotive interior using a roofliner 
made of phenolic resin-bonded textile felts (Triflex) or glass fiber-reinforced polyurethane foam 
(from [4]) 

the automotive industry (Fig. 6.21). Figure 6.21 shows an automobile and 
illustrates 20 different possible applications, Fig. 6.22 depicts the paneling of the 
driver's cabin in a truck, and Fig. 6.23 the hatrack in a car is illustrated. 

To an ever increasing extent, textile felts are being used in other fields of 
application, for example to suppress the noise caused by household appliances 
such as washing machines, dishwashers, and vacuum cleaners, and to insulate 
loudspeaker enclosures and air conditioners. Flame-resistant resin systems 
that can contain up to 30% fire retardants are preferred for use in most of the 
latter applications. 

6.1.2.3.7 
Property and Quality Testing 

Property and quality testing of textile felts, particularly those intended for use 
in automotive engineering, is very extensive [ 13 -15]. Table 6.31 surveys the 
mechanical properties of textile mat flatware exhibiting various specific 
weights. Furtherparameters used to assess the suitability for use are the aging 
and thermal resistance, flammability, physiological padding properties such 
as the heat transfer resistance, heat/moisture balance, the ability to be clad, 
and the results of acoustical tests. 

The outstanding absorption results of textile felts, determined according to 
DIN 52215 or DIN EN 29053, are related to the structure and morphology 
of cotton, whose basic properties are retained in the resin-bonded textile material. 

The tests for moldings are similar to those performed for flatware, and 
determine such parameters as the mechanical properties, surface character-



1 Engine bonnet 
2 Dash 
3 Engine room side wall 
4 Instrument panel 
5 Heating cover 
6 Under shield (engine room) 
7 Tunnel 
8 Floor 
9 Roof 

10 A, B, C pillars 
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11 Quarter and door panel 
12 Back-rest (front seat) 
13 Rear seat 
14 Back-rest (back-seat) 
15 Parcel shelf 
16 Wheelhouse inner & outer 
17 Vent pipe 
18 Luggage compartment 
19 Tailgate 

Fig. 6.21. Model of automobile and outlines of various applications for textile feit flatware and 
moldings (from [14]) 

Fig. 6.22. Roof and wall 
panels of textile feit moldings 
for a truck interior ( source: 
J. Borgers GmbH & Co. KG, 
Bocholt) 
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Fig. 6.23. Hatrack and trunk lining made of phenolic resin-bonded textile felts (source: J. Borgers 
GmbH & Co. KG, Bocholt) 

istics, water absorption, thickness increase due to swelling, surface smooth­
ness, and heat-sealing properties. 

Beside tests for mechanical and acoustical properties, the very subjective 
odortestwas employed as a measure for emissions for many years [5]. Taken 
at first sight, this test method appears logical, since the buyer of an automobile 
also possesses no other assessment criteria. However, such a subjective 
method is completely inadequate for identification of emission causes ( odors, 
nuisances). A wide knowledge of materials and analytical methods was 
necessary to assess objectively and properly the emission characteristics of 
construction components [ 6]. 

Emission tests are performed in a 1 m3 -glass chamber held at a defined 
temperature and humidity (Fig. 6.24), which permits the determination of the 
long-term emissions of substances such as formaldehyde, phenols, phenolic 
oligomers, and ammonia. The exhaust air in the test chamber may be uni­
formly sampled to determine the pollutants present using a system of gas 
washing bottles. The tests on textile felts may be performed at various tem­
peratures and relative humidities. Under certain circumstances, this method 
can simulate the conditions present in the interior of an automobile quite well, 
but is very complicated and time-consuming. This lengthy controlled-climate 
chamber test can be used in specific cases where it is vital for technical 
reasons, for example, in preliminary testing of new models. For fast in-plant 
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Ex:hausi Air 

- - Analys•s 

Air 

s 

Fig. 6.24. One cubic meter test chamber for determination of emissions liberated by construc­
tion components. 1 Pump, 2 C-filter, 3 Flow meter, 4 Silica fllter, 5 Absorption bottles, 6 Mass 
regulator, 7 Test material, 8 Thermostat with ventilation, 9 Exhaust air pipe 

testing, however, the VDA 275 bottle method (Fig. 6.25) developed by the 
German autornative industry affords results that largely correlate with those 
obtained in the controlled-climate chamber. In any case, the bottle method 
permits relative analysesanddifferential assessments of construction compo­
nents from various origins. It is suitable for production tests and spot checks. 

6.1.2.3.8 
Recycling 

Considerable future growth potential may be predicted for phenolic resin­
bonded textile fiber felts, assuming the question of emissions and odors in 
autornative interiors is satisfactorily addressed, not only by development of 
new resin systems, but also by observance of certain specifications (Table 6.32} 

Table 6.32. Specification of powder resin used for manufacture of textile felts • 

Chemical characterization: 
Delivery form: 
Parameters 

1. Hexa Ievel 
2. Free formaldehyde 
3. Free phenol 
4b. Melting range 
5 b. Flow distance at 125 oc 
6b. B transformationtime at 150°C (plate) 
7b. Screen analysis, >0.09 mm fraction 
8. Storage life at 15-25 oc in dry areas 

• Source: German automotive industry. 

Industrial novolak-hexa-based binder 
Finely milled powder 

DIN ISO 8988 
DIN ISO 9397 
DINIS08974 
DIN ISO 3146A 
DIN ISO 8619 
DIN ISO 8987 
DIN ISO 8620 

4-6% 
Not detectable 
<0.1-0.2% 
75-100°C 
25-85 mm 
15"-120" 
1-15% 
>Sixmonths 

b The specific parameters 4-7 are matched to the technical requirements. The physiology and 
toxicology of the modifiers must be scrutinized in the case of modified binder systems such 
as those containing curing accelerators. The possibility of additional emissions - including 
odors - must be excluded. 



Fig. 6.25. Determination 
of phenol and formaldehyde 
emissions from phenolic 
resin-bonded moldings 
(textile felts).A 40 x 100 mm 
specimen is suspended over 
distilled water. The bottle is 
kept in a laboratory oven 
for 60 min, after which the 
solution is analyzed for 
formaldehyde and phenol 
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established by the automotive industry. This also includes adaptation and 
review of curing and processing technologies to match the curing character­
istics of the resin systems [ 16]. However, the question of recyclability is also of 
great importance, particularly since claims that thermosetting materials can­
not be recycled are repeatedly encountered. 

Products exhibiting low bulk densities may be reprocessed by shredding, 
and then reused for applications outside the passenger compartment, for 
example, in engine compartment insulation. High-density products can be 
milled using a special process (Fig. 6.26) and used as fillers in various applica­
tions (Table 6.33). 

In cases where separation of the felts from decorative materials and similar 
components is difficult, the material should be subjected to energy recycling 
[6] and be used, for example, as a supplementary fuel in household waste 
incineration, since the energy content of the products corresponds to that of 
wood (fuel equivalent about 26 MJ/kg). 
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Fig. 6.26. Recycling methods for textile felts: grinding, bulk and compression processes 
(from [16]) 

Table 6.33. Possible recycling 
applications of milled textile 
felts (from Ref. [16]) 

Transport Pallets 
Transport Packaging for Returnahle Systems 
Werkboards for Hausehold Appliances 
Spare Tire Cavity Covers 
Chipboard Substitute for Furniture Industry 
Floor Leveling Boards in Building Trade 
Partitions in Horse Stalls 
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6.1.3 
Phenolic Molding Compounds 

6.1.3.1 
lntroduction: Economic Aspects 

Thermosetting phenolic molding compounds emerged at the onset of the age 
of plastics. They were a direct technological and application-related conse­
quence of Baekeland [1] discoveries (1907 -1910). They have retained their 
prominence as an important synthetic material up to the present day, and 
have furthermore met and adapted to many new technical and economical 
demands over the ensuing years [ 2-9]. 

The originally relatively modest group of plastics has meanwhile been 
transformed into a wide range of thermosetting, thermoplastic, and elasto­
meric materials (estimated annual world production of at least 100 million 
tonnes) of which araund 20% may be considered thermosets. These include 
phenolic resins and phenolic molding compounds [10-15]. 

Of the phenolic resins currently manufactured in Western Europe, about 
13-15% are used in the production of molding compounds. Thus, phenolic 
molding compounds, tagether with synthetic resin bonded wood materials 
and inorganic/organic thermal and acoustic insulation, represent the three 
largest areas of application for phenolic resins in Western Europe. 

In the area of thermoset molding compounds [16, 17], the phenolic resin­
based molding compounds that lang led the field have been joined by addi­
tional products (Table 6.34), for example, products based on urea, unsaturated 
polyester, melamine, melamine/phenolic and epoxy resins, and the overall 
range of thermoset molding compounds. Based on their market fraction in 
Western Europe, phenolic molding compounds presently are slightly behind 
the generally light-colared urea resin molding compounds. 

Table 6.35 shows the production of phenolic molding compounds from 
1988 to 1996 (with a projection for 2002) by regions. According to these data, 
Western Europe and the USA exhibit marked production decreases, whereas 
the production Ievels are rising in Southeast Asia. The figures for Asian pro­
duction do not include the People's Republic of China [18]. 

Table 6.34. Percentage breakdown of various thermoset molding compounds in western 
Europe 

Resin basis 

Phenolic 
Urea resin 
Melamine, melamine/phenolic 
Unsaturated polyester 

Totals 

Market fraction in percent 

1988 1991 

46 43 
40 44 
9 7 
6 6 

100 100 

1994 

42 
44 
8 
6 

100 
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Table 6.35. Production of phenolic molding compounds according to regions, 1988-1996 
(prognosis for 2002) 

Region 

Asia 
North America 
Western Europe 

Totals 

Production (in thousands of tonnes) 

1988 1991 1994 

195 199 213 
90 71 67 
72 67 64 

357 337 344 

1996 2002 

220 250 
60 60 
60 60 

340 370 

Table 6.36. Percentage breakdown of phenolic and urea resin molding compound consump­
tion in Western Europe (status of 1996) 

Application 

Electrical engineering 
Household/electrical appliances 
Automobile 
Sanitation 
Closures 
Others 

Totals 

a MC = molding compounds. 

Percentage 

PF-MC• 

38 
36 
15 
5 
2 
4 

100 

UF-MC• 

15 
44 
0 

33 
4 
4 

100 

The main fields of application for phenolic and urea resin molding com­
pounds, the most important thermoset molding compounds, continue to be in 
electrical engineering as well as in the household/electrical home appliance 
areas [ 19-23]. Urea resin compounds dominate in the latter area. Phenolic 
molding compounds have highlights in both sectors, and are also strong in 
the automotive area (Table 6.36). In the last few years, glass fiber-reinforced 
phenolic molding compounds with high levels of thermal and mechanical 
properties combined with outstanding dimensional stability have opened a 
new market in the electric and automotive areas for molding compounds that 
withstand high mechanical, thermal and chemical stress (Fig. 6.27). 

6.1.3.2 
Composition of Phenolic Molding Compound 
(Resins, Fillers, and Reinforcing Agents) 

Due to their thermosetting binder, thermoset molding compounds (and in 
this particular case phenolic molding compounds) generally fully eure during 
the shaping process, i. e., during compression, transfer, or injection molding 
(Fig. 6.28) to yield high molecular mass, highly crosslinked materials contain-



Fig. 6.27. Applications of 
a glass fiber-reinforced 
molding compound 
(e.g. impeller and pulley) 

A) B) 
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C) 

i 
Fig. 6.28A-C. Outline of: A compression; B transfer; C injection molding of phenolic molding 
compounds 
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Fig. 6.29. Differences 
between thermosetting and 
thermoplastic molding 
compounds (MC = molding 
compound) 

/I Molding Compound '"" 

r--T-h_e_mn--op-1~~-t-ic_M_C __ _,, ,,----T-he_r_m~o-s_ffi_M __ C __ ~ 

I I 
Shaping Shaping 

Madeof 
I 

Molding Material 
Themnoplastic Melts 

When Heated 

Madeof 
I 

Molding Material 
Thermoset eures 

When Heated 

ing ftllers and reinforcing agents. The products are insoluble, nearly impervious 
to swelling, and do not melt. The latter property differentiates them from 
thermoplastics (Fig. 6.29), which can be remelted as often as desired. This 
results in two important differences between thermosets, for example, pheno­
lic molding compounds, and thermoplastics such as polyethylene. Cured 
thermoset molding compounds exhibit far superior thermal behavior, since 
they simply do not melt, but may decompose and carbonize at elevated 
temperatures. On the other hand - a contemporary aspect - thermoplastics 
such as polyethylene can be more easily recycled due to the fact that they can 
be remelted, whereas thermosets can only be recycled by a "roundabout" way, 
for example, by"particulate" recycling (tobe discussed in Sect. 8.5). 

Molding compounds (Table 6.37) contain about 25-40 o/o bin der, depend­
ing on the type of resin. The type of hinder and the hinder level have a 

Table 6.37. Compositions of molding compounds based on various binders 

Binder (2S-40o/o) 

Catalysts (O.S-1 o/o) 

Curing agents (2-6%) 

Accelerators (0.10-So/o) 

Fillers (lS- SO o/o) 

Reinforcing agents (l 0- SO o/o) 

Modifiers (3-6%) 

Additives ( 1-3 o/o) 

a Selection. 

Raw materials a 

Phenolics, urea resins, melamine resins, unsaturated 
polyester and epoxies 

Peroxides for UP molding compounds 

Hexamethylene tetramine for phenolic novolaks 

Various, depending on resin system 

Wood flour, rock flour, flake mica 

Glass fibers, synthetic fiber, cotton and cellulose fiber, 
textile flakes 

Rubber, synthetic resins, graphite, etc. 

Lubricants, pigments and similar 
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Table 6.38. Typical specifications for resins used to produce phenolic molding compounds 

Type of resin 

Melting range, oc (ISO 3146) 
Flow distance, mm (ISO 8619) 
Viscosity at 175 oc, mPa · s (ISO 9371) 
Free phenol,o/o (ISO 8619) 
B-Time, minisec (ISO 8987) 
Water in o/o, Kar! Fischer (ISO 760) 

• Bakelite AG, Iserlohn, Germany. 
b With lOo/o HMTA as a curing agent. 

Novolak• 

75-85 
55-75b 
250-350 
0.5-0.9 
1' 30" ± 30"b 
max.1 

Resoie • 

55-65 
50-90 

3-4 
2'30" ±30" 
max.2 

major impaet on the properties of the moldings, and their effeet on molding 
eompound produetion teehnology (to whieh they are matehed) is equally 
important. Catalysts, euring agents, and aeeelerators are used to eure the 
binders. Thus, the phenolie novolaks generally used (Table 6.38) require 
hexamethylene tetramine (HMTA) as a euring agent to aehieve adequate 
crosslinking of the produet. The euring reaetion ean be optimized using 
accelerating agents as "external" or "internal" promoters. In Fig. 6.30, the rate 
of eure (pereentage eonversion as the temperature rises) of the unaeeeler­
ated novolak-HMTA system (A) is eompared to those of the aeeelerated 
system (B) and a standard resole system (C), which eures more slowly, using 
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Fig. 6.30. Comparison by DSC of a standard novolak-HMTA system (A) with an accelerated 
system (B) and a resole ( C), percentages of conversion 

195 
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DSC (differential scanning calorimetry). Similarly selective accelerating 
agents are of major importance in increasing the productivity of epoxy 
molding compounds, for example, ones based on phenolic novolaks and 
epoxidized novolaks (see section 6.1.3.11). 

Fillers and reinforcing agents are frequently used in combination [24-27]. 
An important organic filler for phenolic molding compounds is fibrous wood 
flour; when combined with materials such as powdered mineral fillers, this 
permits modification of the hardness and surface appearance. Softwood (such 
as spruce) flour or alternatively hardwood (such as beech) flour were earlier 
used in Germany as fillers and reinforcing agents. Since the dust from hard­
wood flour has been classified as a carcinogen in Germany, only softwood 
flour is utilized. Depending on the intended use, the mechanical strength of 
phenolic molding compounds is increased by use of synthetic organic fibers, 
cotton fiber, cellulose fiber, or textile flakes. Glass fiber meanwhile performs an 
important role as a reinforcing agent. Asbestos fibers - which have also been 
classified as a carcinogen and are thus no Ionger available for use - have been 
replaced with glass fiber and other mineral-based fibers. 

Fibrous reinforcing agents are basically used to increase the notched 
impact strength. This is frequently representative for examples of applications 
in which stresses arise in compression molded articles, particularly at points 
where a transition to a lower wall thickness takes place. Compression molding 
compounds exclusively containing wood or cellulose flour as fillers are gener­
ally unsuitable for such applications. In such cases, fibrous fillers can be used 
as a supplement. A variety of standardized and non-standardized molding 
compounds have been developed to increase the impact resistance. Addition 
of various levels of fibers, for example textile-based fiber, make it possible to 
produce a continuous range of molding compounds from those including only 
wood flour to ones containing mainly textile fiber. Textile flakes can be used as 
additives in molding compounds including those from which large, robust 
machine or equipment housings are manufactured. 

Specialmolding compounds containing inorganic materials such as siliceous 
or carbonaceous rock flour in addition to an organic flller can be used in 
applications where the molding is exposed to permanent thermal stress -
although the glow heat resistance and thermal deformation resistance of 
a compression molding compound containing exclusively mineral fillers arenot 
required - and where there may be a desire to avoid excessively rapid wear of the 
mold. Secondary shrinkage due to lengthy thermal stress is a significant factor 
in some applications. Appropriate combination of organic and mineral fillers 
can lead to selective reduction of post shrinkage. A similar situation applies to 
reduction of water absorption. 

Among compression molding compounds with straight mineral fillers, 
phenolic compounds containing mica fillers (Table 6.39) are of particular 
importance due to their insulating power. Mixtures of mica and other 
(powdered) mineral fillers are generally used to improve the processing 
properties. Due to the interactions of their fibrous, powdered, and lamellar 
structures, combinations of various inorganic fillers offer certain advantages 
under conditions of long-term thermal stress. 
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Table 6.39. Suggested formulations for type 13 (mica filler) and 31 (wood flour filler) molding 
compounds (DIN 7708) 

Type 13 (DIN 7708) Type 31 (DIN 7708) 

34% Novolak + HMTA 47% 
2% Accelerator 2% 
2% Parting agent 2% 

Woodflour 30% 
20% lnorganic filler 17% 
40% Mica 
2% Color pigment 2% 

Chopped glass fiber has long been of great importance as a flller and re­
inforcing agent for polyester resin and epoxy compression molding com­
pounds. Glass fiber-reinforced phenolic compression molding compounds 
have achieved great prominence since the use of asbestos fibers ceased. Short 
glass fiber is generally used, since destruction of Ionger fibers may be expect­
ed in customary manufacturing and processing operations. 

Aside from the fillers and reinforcing agents mentioned above, certain 
modifiers are also in use. Rubber is used to provide elasticity to formulations 
for special applications. There are several ways to incorporate ruhher into a 
molding compound, whether by way of the resin (by incorporation of lattices) 
or by direct addition to the premix in the powder, pellets, or flake delivery form 
followed by customary processing by the melt flow process on mastication 
extruders. The range of application of such molding compounds is mainly in 
situations where the molded article is exposed to shock and impact stress, for 
example in autornative industry. 

Addition of graphite represents a further possibility to provide a significant 
effect on the final properties of a phenolic compound-based molding. As a 
modifier, graphite provides two properties that can also be of use in produc­
tion of phenolic molding compounds: (1) graphite is an electrical semicon­
ductor and (2) it exhibits a certain slip and lubricant effect. 

The latter property is utilized in production of molding compounds for 
self-lubricating articles, for example, bearing shells. The required Ievels of 
filler and reinforcing agent depend on the expected stresses. Rock flour or 
metal powder are adequate for simple, small slip rings, whereas textile fibers 
or textile flakes are used in larger bearing shells or seals. 

Various processes for surface metallization of plastics exist. Phenolic 
molding compounds containing added graphite are also capable of being 
electroplated, and can be used to manufacture certain consumer articles [28]. 

To summarize, fillers and reinforcing agents for phenolic molding com­
pounds can be organic and/or inorganic in nature, and are used in the form 
of powder or materials with lamellar or fibrous structures. Organic reinforcing 
agents such as wood flour or cellulose fibers supply a positive effect on the 
processing properties of the molding compound since they reduce peak 
friction Ievels and reduce mold wear. Inorganic reinforcing agents such as 
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glass fibers, if appropriately combined with powdered minerals, increase the 
mechanical strength and thermal resistance of the molding compound at the 
same time as they reduce the water absorption. 

Molding compounds generally also contain 0.5-2% lubricants. Lubricants 
facilitate the shaping operation and particularly easy ejection of the compres­
sion molded articles. Fatty acids such as stearic acid, stearates such as magne­
sium, calcium, or zinc stearate, and the esters and amides of fatty acids are 
used as lubricants. Selected waxes, such as montan wax, arealso well suited for 
this application. 

Lubricants are differentiated according to whether they are "internal" or 
"external" in nature. However, an exact assignment is impossible since 
many of the indicated materials can be used both as internal, (i. e., soluble) and 
external, (i. e., insoluble) active ingredients depending on their solubility in 
the resin and the addition level. Internal lubricants improve the flow of the 
molding compound, whereas externallubricants act as a parting agent in the 
mold and thus facilitate ejection of the molding. 

Both soluble dyes and pigments may be used as colorants. Various organic 
dyes are used as soluble colorants for phenolic molding compounds. Pigments 
that can be used include carbon black, finely milled coal, iron oxide pigments, 
earth pigments, and organic pigments. 

6.1.3.3 
Phenolic Molding Compound Standardization (Current Status) 

Phenolic molding compounds are standardized in DIN 7708 (Table 6.40), and 
the standard is continuously revised to reflect changing requirements, new 

Table 6.40. Types of phenolic molding compounds as defined in DIN 7708, part 2, draft of 1993 

Molding 
compound type 

12 
13 
31 
31.5 
31.9 
51 
52 
71 
74 
83 
84 
85 

Type of filler 

Mineral fibers 
Mica 
Wood flour 
Wood flour 
Wood flour 
Cellulose and/or other organic fillers a 

Cellulose 
Cotton fibers with or without addition of other organic fillers b 

Cotton cloth flakes with or without addition of other organic fillers b 

Short cotton fibers and/or wood flour• 
Cottoncloth flakes and/or cellulose• 
Wood flour and/or cellulose" 

• The term "and/or" means that both fillers as a mixture, or the individual fillers themselves 
can be used. 

b The term "with/or without" means that the compound can contain additives other than the 
first-mentioned filler. 
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types of molding compounds, and the use of modern units [29]. Standardiza­
tion into types, for example, Types 31.5 and 31.9, is oriented toward the re­
inforcing agents and fillers as well as the minimum level of physical properties 
that can be achieved with the indicated type. Type 31 represents a phenolic 
molding compound mainly containing wood flour as a filler. The supplemen­
tary ".5" indicates that this compound achieves specific electrical data, and the 
supplementary".9" that the compound is free of ammonia (after compression 
molding). Types 12 and 13 contain mineral fillers (mineral fibers, flake mica) 
that increase the thermal deformation resistance and improve the electrical 
properties. The earlier DIN 7708 Type 12 contained asbestos as a filler. 

Types 51, 71, 74, 83, 84, and 85 are made with cellulose fibers, cotton fiber, 
and textile flakes as reinforcing agents, in some cases (Types 83 and 85) com­
bined with wood flour, and offer increased notched impact strength. 

ISO 800 (Table 6.41) uses a simplified classification scheme, differentiating 
according to resole and novolak molding compounds, and subdividing these 
groups according to the types of filler and reinforcing agent employed. Thus, 
PF 1 E indicates a resole molding compound with a mica filler, affering 
premium electrical properties. To permit worldwide processing in data bases 
such as "Campus" [30, 31], uniform type classifications which incorporate 
salient features of the national standards [32] have been agreed under the 
auspices of the International Standardization Organization (ISO, with head­
quarters in Geneva). This enables improved comparisons of thermoset with 
thermoplastic molding compounds. 

The DIN type classifications originally also included information on the 
minimum resin content and specified a standard color shade. ISO 14 526, that 
will soon represent the main international standard, specifies ranges for the 
ftller content. Table 6.42 surveys the phenolic molding compounds described 
in ISO 14526-3. This table shows that DIN 7708 Type 31 corresponds to 
Type PF WD molding compound (wood flour containing phenolic molding 
compound). The content ofwood flour can range between 30% and 40o/o, and 
the corresponding level of (MD) mineral fillers between 20% and 10%. 
ISO 14526 includes a new type of molding compound (Type PF GF, glass fiber­
extended phenolic molding compounds) that was not listed in DIN 7708. 

The required minimum levels of (mechanical, physical, etc.) properties for 
the individual types of compounds represent an important criterion for all 

Table 6.41. ISO 800 ( 1977) molding compounds ( example: PF 2A designates a novolak molding 
compound with a wood flour flller for general use) 

Resin 

PF 1 Single-stage 
(resole) resin 

PF 2 Two-stage 
(novolak) resin 

Fillers and Reinforcing Agents 

A Woodflour 

C Mineral fillers and 
reinforcing agents 

D Organic fibers 
E Mica 

Property, Application 

1 General purpose 

2 Thermally resistant 

3 Impact resistant 
4 For electrical applications 
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Table 6.43. Selection of minimum requirements for DIN type 13 and 31 molding compounds 
including new nomenclature of ISO 14 526 

DIN7708;P3; 1975 

ISO 14526 

Filler 

Tensile strength (ISO 527-1/2) 

Flexural strength (ISO 178) 

Charpy impact strength (ISO 179-1/2 eU) 

Temperature of deflection under load 
(ISO 75-2 HDTA-1,8 Mpa) 
(ISO 75-2 HDTE-8 MPa) 

Surface resistivity (IEC 60093) 

Water absorption (ISO 62) 24 h/23 oc 

• Compression molding 
b Injection molding 

PF 13 

PF40-PF 60 

40-60% Mica 

~30•140b MPa 

~5o•J60b MPa 

~2.5./3.5b kJ/m2 

~ 170°C 
~ 130 oc 
lQllQ 

30mg 

PF 31 

IWD30/MD20 
WD40/MDlO 

30- 40% wood powder 
10-20% mineral powder 

~4o•150b MPa 

~7o•J80b MPa 

~4.5•J5.0b kJ/m2 

~ 160 oc 
~l15°C 

~109 n 
::;1QOmg 

standards, both the original DIN 7708 and the futureinternational ISO 14526 
standard. This is shown in Table 6.43, which shows a selection of data for 
DIN 7708 Types 31 and 13 that are defined in ISO 14526 and lists a number of 
(selected) test parameters in the ISO standard. 

The minimum values specified for phenolic molding compounds in ISO, 
DIN or other national standards can only provide an indication of a specific 
range of properties; in the case of special applications, this range must be 
adapted to the specific use ( assuming this is possible with a specific type­
classed compound), or use must be made of special-purpose compounds [25]. 

6.1.3.4 
Production of Molding Compounds 

Phenolics were the first completely synthetic resins used in production of 
molding compounds. Originally - in the initial decades following Baekeland's 
discovery - a wet conditioning process involving the use of liquid phenolic 
resoles (Fig. 6.31) was used. The resultant technology afforded "cold -compres­
sion molding compounds" - doughy, occasionally plastic compounds that 
following mixing were shaped by compression in unheated molds and then 
dried and cured by heating. The resultant moldings, for example, terminal 
strips, did not exhibit particularly good surface quality. 

The melt flow process (Fig. 6.31) afforded a significant improvement. This 
process has been practiced since around 1925, and has experienced constant 
improvement over the course of time. The process was originally carried out 
in heated masticators and calendar mills; continuous mastication extruders 
are mainly used at present. Milled solid resins - novolaks with the required 
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1. Melting Process 

Extrusion 
(warm) 

<a I> 
cooling 

~rinding 
Ysieving 

. 

~: 

2. Liquid Aesin Process 

Raw Materials 
with liquid resin 

QW 
Mixer (cold) 

<I • 
cooling, 
drying 

Fig. 6.31. Melting process (1) and liquid resin process (2) for manufacture of molding com­
pounds (scheme) 

amount of HMTA or solid, fusible resoles- are used as binders. In this process, 
a premix is prepared with the milled resin and other components. The mix is 
then continuously or discontinuously homogenized on a heated melting/ 
mastication unit such as a masticator or mastication extruder. In this process, 
the resin melts and impregnates the fillers and reinforcing agents. The resin 
system undergoes further condensation due to the heat developed in this 
operation and as a function of the mastication or homogenization time to 
reach a desired rate of flow oriented toward the subsequent processing tech­
nology and the molding to be produced. Today, the melt flow process is 
still occasionally carried out on heated roHer mills - generally equipped with 
automatic Stripping plate systems - for continuous production of phenolic 
compression molding compounds. 

The "turbomix" process (Fig. 6.32), in which the resin impregnates the flllers 
and reinforcing agents in a high-speed mixer, represents a variation of the melt 
flow method. When this method is applied to production of phenolic com­
pression molding compounds, the solid resins melt due to the heat of friction 
(thus making this method a "melt flow process"), leading to impregnation of 
the other components and formation of pellets. In principle, this method is 
used for production of UP molding compounds, but for technical reasons has 
not been adopted for manufacture of free-flowing, low-dust phenolic molding 
compounds. 



Fig. 6.32. Outline of the turbomix 
process 
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6.1.3.5 
Processing of Molding Compounds 

After technology to produce pellets from the phenolic resin/additive mixture 
had been developed, the resultant "compression molding compounds" were 
processed by the compression molding method [33-37]. Later the transfer 
molding method was developed. This latter process offered far fewer technical 
and economical advantages than those seen in injection molding of thermo­
plastics. Concentrated efforts and development work by the thermoset manu­
facturers and processors in the 1960s led to the use of thermoset molding 
compounds for injection molding as well. This represented an outstanding 
process engineering development success [38-40]. 

Generally all types of molding compounds - including amino, UP, and 
epoxy molding compounds - can be processed by the compression, transfer, 
and injection molding methods. The injection molding process also includes 
two modifications, injection embossing and sprueless injection molding, that 
can make processing of thermoset molding compounds even more attractive. 

Today, without the outstanding, dedicated, and continued development 
work leading to the possibility of injection molding, thermosetting molding 
compounds would probably only lead a marginal existence in the shadow of 
thermoplastics and elastomers. Such development work has ensured that 
phenolic molding compounds, products with extraordinarily versatile uses, 
are available to the final customer at relatively low cost, both from raw mate­
rial and productivity considerations resulting in an attractive cost-perfor­
mance relationship. 

The compression molding process is the conventional method of process­
ing phenolic molding compounds. In this process, the compound is trans­
formed into the molding (compression molded article) under heat (heated 
mold) and pressure (regulated at the press) in a compression mold (Fig. 6.33). 
The pressure forces the heated, melted compound into the relief of the mold. 
The exposure to heat causes essentially complete curing of the resin to the 
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Fig. 6.33. Three-stage pressing operation for processing of phenolic molding compounds 

"resite" state. The minimum temperature required for curing and the pressure 
required for shaping depend on the history of the molding compound (resin 
content, percentage of HMTA based on resin fraction, precure, Ievel of filler). 
The shaping pressure can be influenced by additional "precuring", i. e., pre­
heating of the compound. This furthermore affects the curing time, molding 
quality, and productivity. 

Within certain Iimits, the curing time can be reduced by increasing the 
mold temperature, or influenced by internal or external acceleration of the 
resin system. On the one hand, the resin can eure more rapidly due to its 
composition (by "internal" acceleration) or due to the addition of an external 
accelerator to the system. 

The crosslink density of the system also increases during curing. However, 
this increase itself Iimits further crosslinking. This situation is demonstrated 
by methods such as determination of certain parameters, for example, the 
thermal deformation resistance, and repetition of the determination after 
a lengthy period of heat treatment. A rise in the magnitude of the result is 
generally observed. A similar circumstance is observed in practice during 
manufacture of hot compression molded brake linings - the lining com­
pounds in principal also represent molding compounds - in order to achieve 
optimumcrosslink density (refer to Friction Materials Sect. 6.2.3). 

The compression force (the other important compression molding para­
meter) mainly influences the shaping operation. lt may be considered as 
opposing pressure to the vapor pressure produced by emissions such as water 
and ammonia that form and escape during the curing process. Thus, it 
prevents formation ofbubbles or pores in the molding. The compression force 
must therefore be maintained until the strength of the molding is adequate to 
withstand the pressure of gases such as trapped water vapor. 

The cycle time of the press is the sum of the fill time, clamping time, 
the curing time (including possible venting operations) and the ejection 
time (including cleaning). Efforts are made to decrease the time required 
for the individual operations as much as possible to reduce the total cycle 
time. This can result in measures such as reduction of the fill time by com-
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pound preforming, preheating outside the mold, shortening of the clamping 
time by use of modern presses, and decreasing the curing time by chemical 
means. 

Transfer compression molding ( transfer molding) originated in the thirties, 
and represents a process engineeringhybrid between compression and injec­
tion molding [41, 42]. The compound is generally preformed, preheated, 
and/or premelted (using a melt extruder) and conveyed from the filling reser­
voir or prechamber through distribution channels and a special gating system 
into the mold for eure (cf. Fig. 6.28) by a plunger. Transfer molding with 
preformed and preheated (by microwaves) compression molding compounds 
is widespread. In this method, the preformed tablets are quickly preheated to 
110- 120 oc, and thus already exhibit a pasty consistency when they enter the 
injection cylinder. For optimal processing using the transfer molding method, 
it is important that the preheating times be matched to the pressing cycle and 
that the transfer times of the tablets be minimized. Preheating of the tablets 
reduces injection times and protects the gating. 

Transfermolding of phenolic molding compound offers a series of advant­
ages. Thus, the extreme preheating it involves permits shorter curing times 
than in compression molding. Metal inserts or pins in the mold are not as 
easily displaced or damaged due to the very effective premelting of the com­
pound. Good mixing of the compound in the gating channels and nozzles 
leads to very uniform preheating. This is of particular benefit in production of 
compression moldings with varying wall thicknesses, and represents an 
advantage that is of special significance in processing amino resins ( urea and 
melamine molding compounds). Due to the good degassing, transfer mold­
ings generally exhibit lower secondary shrinkage levels than compression 
molded articles made with the same compound. Disadvantages in transfer 
molding are the slightly higher compound consumption caused by lass in the 
gating system, and the greater mechanical outlay of equipment. 

Due to its great economy [43], injection molding (cf. Fig. 6.28) is presently 
the most prevalent method of processing [ 44- 47]. In this method, all necessary 
operations can be automatically performed by a single system. The screw of the 
melting unit meters and homogenizes the molding compound that has been 
melted by friction and heat transfer, and acts as a plunger in the injection 
operation. Due to the benefits of high material temperature at injection, only 
little additional energy (heat transfer) is required to eure the molding. This 
results in short cycle times. 

In practice, processing of phenolic molding compounds on injection 
molding machines proceeds in the following manner (Fig. 6.34). The powder­
ed or granulated material is drawn in by the rotating screw and transported to 
the head of the screw. In this process, the screw is displaced backwards against 
an adjustable back pressure [48-56]. Transfer of heat from the extrusion 
barrel heater and the developed heat of friction feed enough energy into the 
material to melt it. Metering is accomplished by Iimitation of reverse screw 
movement. To inject the material into the mold, the melting unit advances 
until the nozzle is pressed against the gating of the mold. Like a piston, the 
screw then presses the malten material into the mold cavity. The screw should 



202 6 Economic Significance, Survey of Applications, and Six Bonding Functions 

Close Mold 

Advance 
lnjection Unit 

lnject 

Holding Pressure 

Curing Period 

Prepare Next Shot 

Retract 
lnjection Unit 

Open Mold 

Eject 

~ 
1111 

lmmmmmmml 

• 1mmmm:m:m1 
------lnjection cycle ------

Fig. 6.34. Example of operational sequence in injection molding machines 

be locked to prevent rotary movement during this operation. Injection is only 
carried out with a rotating screw in rare cases. 

Near the end of the filling operation, the injection pressure is reduced to the 
holding pressure; the time of this changeover is critical, and the holding pres­
sure is maintained until the curing process ensures that the molding com­
pound can no Ionger flow back out of the mold [57, 58]. The screw then starts 
to rotate again, melting material for the next shot. The injection unit can 
return to the retracted position at this point. After the next shot has been 
melted, the injection unit remains on standby until the curing time of the 
molding has elapsed. After the pre-set curing time has elapsed, the mold opens 
and the molding is ejected. The signal to begin the next injection operation is 
then given. The mold closes again. The injection unit advances once again 
until the nozzle is pressed against the gating of the mold, and the new cycle 
begins. 

Various systems for sprueless injection have been developed to avoid the 
sprue lasses that occur in injection molding. In these systems, the material in 
the gating is kept malten and is used in the next injection operation. 

The injection compression method is derived from the injection molding 
process. This process combines the advantages of injection molding with 
those of compression molding. The compound is injected into a mold that is 
not fully closed (Fig. 6.35), and the mold closes following the injection opera­
tion. The quantity of injected compound is calculated to fill the closed mold. 

Injection compression has been used for thermoplastics processing for 
years, specifically for production of opticallenses and other optical compo­
nents. Sink marks due to differing wall thicknesses can be prevented with this 
method. The advantage in phenolic molding compound processing lies mainly 
in the more favorable filler orientation. The different directions of flow of the 
molding compound during injection and compression render the moldings 
less anisotropic, i. e., their properties are less dependent on the orientation. 



Fig. 6.35. The injection 
compression process 
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This reduces cracking in the gating zone and distortion. Additional benefits 
arise from the relatively low required injection pressure and the good venting. 
The lower injection pressure reduces the wear on the screw, barrel, nozzle, and 
gating, and increases the true shot volume due to lower backflow losses. The 
surfaces of injection embossed moldings are frequently better than those of 
injection moldings. The increased formation of mold marks, approximately 
corresponding to that seen in compression molding, represents a disadvantage 
of the injection compression process, since these boost dressing costs. Single 
molds with interlocking edges are best suited for injection compression. Use of 
multiple molds is complex since the distribution channels would similarly 
have to be provided with interlocking edges for the embossing operation. The 
injection molding machines must be appropriately equipped for use in injec­
tion compression [59, 60]. 

6.1.3.6 
Test Methods (Application of ISO Standards) 

A wide variety of test methods that are standardized on a national or inter­
national basis and in some cases are also used for other materials or have been 
adopted (if necessary with modification) from the testing techniques of other 
materials are available for quality control [ 61,62] and classification of molding 
compounds. These are used to compare various types of molding compounds 
both to one another and to thermoplastics, metals or other materials. 
Tables 6.44 and 6.45 survey the ISO, DIN, ASTM, and Japanese standards. 
Today, ISO test methods are mainly referenced for both molding compound 
type classification and for test methods used to determine the physical and 
chemical parameters, and efforts are made to increase international aware­
ness of these. In Europe, the ISO methods are adopted in European CEN 
standards where possible, and these are then introduced in Germany as 
"DIN-EN" standards. 

Standardized methods will be briefly described below; the pertinent 
standards must be consulted for details. The majority of these are ISO 
standards, although DIN standards are also still used in Germany if these 
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Table 6.44. Selection of physical tests for thermoset molding compounds as defined in ISO, 
DIN, ASTM, and JIS 

ISO DIN ASTM JIS 6911-79 

Density (g/cm3) 1183 53479 D-1505 5.28 
Processing and secondary shrinkage (%) 2577 53464 D-955 5.7 
Tensile strength (N/mm2) 527 53455 D-638 5.18 
Bending strength (N/mm2) 178 53452 D-790 5.17 
Compression strength (N/mm2) 604 53454 D-695 5.19 
Impact resistance (kJ/M2 or J/M2) 179/180 53453 D-256 5.20 
Ball indentation hardness (N/mm2) 2039/1-2 53456 D-822 5.16.1 (5.16.2) 
Dimensional stability temperature (0 C} 75 53461 D-648 5.35.1 
Vicat test (0 C) 306 53460 D-525 

Table 6.45. Selection of electrical tests for thermoset molding compounds as defined in ISO, 
DIN,ASTM, JIS, IEC, and VDE 

ISO DIN ASTM JIS 6911-79 

Surface resistance ( ohm) 93 53482 D-257 5.13 
Specific volume resistance (ohm · cm) 93 53482 D-257 5.13 
Dielectric constants ( tan r5 and E) 250 53483 D-150 
Dielectric strength 243-1 53,481 D-149 5.11.3 
Tracking resistance IEC 112 VDE 0303-1 D-3638 IEC 112 
Arcing resistance 53484 D-495 5.51 

are required and have not yet been assigned ISO status or replaced by an ISO 
( or CEN) standard. This applies analogously to other national standards such 
as ASTM or BS methods. 

UL (Underwriters Laboratory, Northbrook IL, USA) procedures are 
referenced in the area of flammability testing. In the USA, UL is a government­
approved institute for testing of plastics for flammability, thermal resistance, 
and similar properties. In the area of electrical properties testing, IEC (Inter­
national Electrotechnical Commission, Geneva, Switzerland) standards are 
also used, or reference made to VDE (Verband Deutscher Elektrotechniker e. V.) 
procedures. 

Various properties are always determined using the test pieces specified in 
the pertinent test standard. Test pieces are prepared in standardized compres­
sion (ISO 295) and injection (ISO 10724) molds. The values determined 
with the standard test pieces cannot be simply extrapolated to other forms 
of moldings, since the manner of attachment and the shape of the molding 
have a major effect on various properties. However, the results are at least 
useful for comparative purposes. 
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6.1.3.6.1 
Bulk Density (ISO 60) 

The bulk density is determined as specified in ISO 60 to monitor the uni­
formity of a granulated molding compound and provide a basis for calculation 
of the true positive mold. The bulk density in g/ cm3 is the quotient of the mass 
and the volume of a loose heap of molding compound. The test is carried out 
by pouring the molding compound into a test vessel of specific volume and 
weighing the material. 

6.1.3.6.2 
Process Shrinkage (ISO 2577) 

Process shrinkage is an important factor in designing molds to achieve 
the desired dimensional tolerances in production of moldings. It represents 
the difference between the dimensions of the cold mold and those of 
the cooled molding. Post-shrinkage is the difference between the dimen­
sions of the cooled molding and those of the same molding following sto­
rage at a specific temperature ( 168 h at l1 0 °C). Both process shrinkage and 
post-shrinkage depend on the resin system and pertinent processing con­
ditions as weil as the moisture Ievel and flow of the pertinent molding com­
pound. 

6.1.3.6.3 
Tensile Strength (ISO 527) 

As in the case of other materials, such as thermoplastics or metal, measure­
ment of the tensile strength is used to determine information on behavior 
under tensile stress. The tensile strength ( expressed in MPa) is the peak tensile 
stress, applied uniaxially, that leads to rupture of the test piece. The measure­
ment is performed on a shoulder beam at a constant rate of increase in longi­
tudinal tensile force to the point of rupture ( during the process of elongation). 
Measurement of the tensile strength at elevated temperatures is also of interest 
to compare behavior with that of other materials, for example, thermoplastics, 
when these are exposed to heat. Special equipment is used for these determi­
nations. 

6.1.3.6.4 
Bending Strength (ISO 7 78) 

The bending strength provides information on the strength of a molding 
when subjected to flexural stress. It is the quotient of the transverse movement 
of the test piece and its modulus of resistance (expressed in MPa}. In this 
test, the test piece is placed on two supports (Fig. 6.36}, a uniformly increasing 
Ioad applied to its center, and the force required to break the test piece deter­
mined. 
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Fig. 6.36. Bending strength 
(ISO 178) 

6.1.3.6.5 
Chorpy Impact Resistonce (ISO 7 79/7 eU) 
ond Chorpy Notched Impact Strength (ISO 7 79/7 eA) 

These tests ( Charpy impact resistance and Charpy notched impact strength, 
expressed in kJ/m2) are used to determine the toughness and notch sensitivity 
of a molding when exposed to impact stress. The impact resistance is the 
impact force at break relative to the cross-section of a test piece without 
a notch, and the notched impact strength the corresponding force applied to 
a notched test piece. The test is performed using a pendulum ram. The impact 
force required to break the test piece is determined. 

6.1.3.6.6 
Heot Disfortion Temperoture (ISO 75) 

The material of a test piece sags when the test piece is heated under a certain 
load. The heat distortion temperature is the temperature at which the test 
piece sags to a specific extent. The test is carried out in an oil medium. 
Although the measurement is performed at different loading stages, the test 
procedure does not provide information on the maximum application tem­
perature. 

6.1.3.6.7 
Maximum Applicotion Temperoture (IEC 60276, Port 1) 

This test method affords limit temperatures for short-term (less than SO h) 
and long-term (20,000 h) stress. The maximum application temperature is 
defined as the temperature at which the molding material can be used without 
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significant reduction in its properties. The maximum application temperature 
depends on the nature and duration of thermal exposure, the load, and the 
surrounding medium. The test detects changes in the properties, for example, 
the change in bending strength after hot storage. This test provides no 
information on the residuallevels of properties or the loss in performance a 
molding suffers at a specific temperature. 

6.7.3.6.8 
Flammability Test (UL 94) 

This UL method is used to assess the flammability of materials such as 
phenolic molding compounds by determining the behavior of a test piece 
when briefly exposed to a flame. The determination establishes whether the 
test piece burns and, if so, the time required for the flame to go out, i. e., the test 
piece is briefly exposed to a flame and the length of time it burns after the 
ignition flame is removed is determined. This test method is also applied to 
electricallaminates. 

6.7.3.6.9 
BH lncandescent Rod Flammability Method (IEC 60 707) 

This test method is used to classify types of molding compounds according 
to increasing flammability. The compounds are assigned to specific levels, 
for example, BH 1. The combustion length and the rate at which the flame 
propagates upon contact of a test piece with an incandescent rod are deter­
mined. The significant parameters are development and propagation of 
a flame. 

6.7.3.6.70 
Water Absorption (ISO 62) 

The possible water absorption under conditions of exposure to cool (23 °C) 
water is an important parameter for many molding compound applications. 
It is determined by immersing a defined test piece in water for a storage period 
of one day and measuring the gain in mass as a percentage and in units of 
milligrams. 

6.7.3.6.77 
Specific Surface Resistance (IEC 60093) 

Measurement of the surface resistance provides information on the state of 
insulation at the surface and thus on the insulating power of the molding 
compound. It is defined as the electrical resistance between two electrodes 
attached to the surface of the test piece. The measurement is performed 
following underwater storage of the test piece for a set length of time. It is 
carried out at a potential of 100 V d. c. 
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6.1.3.6.12 
Specific Volume Resistonce (IEC 60093) 

The specific volume resistance provides information on the electrical insulat­
ing power of the molding compound. It is defined as the electrical resistance 
between specific measuring electrodes attached to the top and bottom of a test 
piece relative to its thickness. The determination is performed by measuring 
the resistance between the upper and lower surfaces of the test sheet (in units 
of ohmsxcm) at a potential of 100 V d. c. 

6.1.3.6.13 
Dielectric Loss Foctor ond Dielectric Number (IEC 60250) 

The dielectric loss factor (tan 6) of an insulator is the tangent of the loss angle 
by which the phase displacement between current and potential in a capacitor 
of rz /2 deviates when the dielectric medium of the capacitor consists exclusive­
ly of the insulator. The relative dielectric number (e) specifies how much the 
capacitance of a capacitor using the insulator as a dielectric medium exceeds 
that when the medium is a vacuum. The measurement is performed at a 
specific frequency with a measuring bridge using a guard ring capacitor, thus 
determining the dielectric loss of molding compounds (Fig. 6.37). 

6.1.3.6.14 
Dielectric Strength (IEC 60243, Port 1) 

The dielectric strength provides information on the behavior of the molding 
compounds when exposed to high voltages. The alternating current potential 
applied to the electrodes is increased at a constant rate to the point at 
which the test piece is perforated. The dielectric strength is the quotient of 
the breakdown potential and the distance between the electrodes located 
on opposite sides of the test piece. It is dependent on the wall thickness. 
All results (in kV/mm) are determined using test pieces with a wall thickness 
ofl mm. 

Fig. 6.37. Test system for 
relative dielectric index and 
the dielectric loss factor 

lnsulating feet 



6.1 Permanent Bonding 209 

6.1.3.6.15 
Tracking Resistance (CTI and PT/ Comparative Tracking Index, IEC 60 112) 

A knowledge of the tracking resistance makes it possible to assess the surface 
behavior of insulators when exposed to tracking currents. The results are 
highly dependent on the resin matrix; phenolic resin, for example, exhibits 
behavior completely different from that of unsaturated polyester or melamine 
resins. The tracking resistance is the resistance of the molding compound to 
formation of electrical creep tracks. A creep track results from local electric 
current-induced thermal decomposition in the presence of conductive 
impurities. In this test, drops of electrolyte solutions are deposited between 
test electrodes charged with a potential of 100,250,300,375, or 500 V, and the 
number of drops required to produce a current flow at one of the indicated 
potentials measured. The tracking resistance of an insulator is classified with 
these test data. 

6.1.3.7 
Flow Behavior of Phenolic Molding Compounds 

Determination of the flow/ curing behavior, which can be examined by various 
methods, is a significant factor in quality control of phenolic molding com­
pounds during production and when they are further processed by the 
customer [63]. In addition to simple plant methods for direct production 
control, special discriminating procedures with great rheological capabilities 
are in use. For example, simple tests are carried out using the DIN 53465 cup 
test, the disc flow test or the ISO 7808 orifice flow test (OFT), and more dis­
criminating tests using the DIN 53 764 analytical masticator test. In the case of 
many products, supplementary, practice-related special tests also exist. 
Practical tests on presses or injection molding machines (Figs. 6.38 and 6.39) 
using the compression or injection molds employed for further processing are 
particularly important. 

In the cup test, a standard cup (DIN 53 465) is produced by the compression 
molding process, and the cup clamping time measured in seconds (Fig. 6.40). 
The compression force and temperature are constants. The determined time 
and the appearance of the cup give an impression of the degree of flow and 
curing behavior of the molding compound. 

In the disc flow test, a specific quantity of molding compound is compress­
ed between two heated plates to yield a disc (Fig. 6.41). The compression force 
and temperature are also constants in this case. The thickness of the resultant 
compression molding as measured at four specific points represents a para­
meter providing information on the flow/curing behavior of the molding 
compound. The numerical result, known to the processor as "disc flow", is 
obtained by addition of the four measurements expressed in millimeters and 
multiplication of the sum by ten. 

A compression mold (ISO 7808) consisting of a cylindrical matrix and a 
punch in the form of specially shaped plunger is used in the orifice flow test 
(Fig. 6.42). Two channels are machined in the punch and permit a certain 
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Fig. 6.38. Press for processing phenolic molding compounds (source: Bakelite AG, lserlohn, 
Germany) 

Fig. 6.39. Injection molding machine for processing phenolic molding compounds (source: 
Bakelite AG, Iserlohn, Germany) 
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Fig. 6.42. The orifice flow test 

quantity of malten molding compound (depending on its curing rate and 
viscosity) to exude during the closing operation. This fraction, expressedas a 
percentage of the total sample size, represents the OFT result. The pressure, 
rnold ternperature, and sarnple size are constants in this test. The custornary 
compression force stages are 4, 7, 12, and 19 MPa. 

6.1.3.8 
Application of Phenolic Molding Compounds 

Molded articles made from phenolic molding compounds are presently used 
in all areas of commerce [64]. Electrical engineering, household appliances, 
and autornative and mechanical engineering represent particularly important 
fields of application. 

The significance of phenolic molding compounds in the area of electrical 
engineering has advanced from plain insulating materials to high-quality con­
struction materials (Fig. 6.43). The most important functional components in 
electrical engineering are housings of switches from microswitches to heavy­
duty switching equipment, coil forms, contact holders, switch shafts or release 
Ievers. Moreover, housings for electric meters and power distributors, 
domestic junction boxes, and many other articles are fabricated from phenolic 
rnolding cornpounds. 

An important application in the electrical industry involves the production 
of commutators using phenolic molding compounds [ 65- 67] that exhibithigh 
Ievels ofthermal and electrical properties. Commutators, high-performance 
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components in electric motors, are used in numerous applications, for example 
in the household and automotive areas. The reliability and efficiency of the 
electric motor depends on the operation of the commutator. This applies to 
equipment such as washing machines in the household area, and to com­
ponents from the starter through the windshield wiper motor or gasoline 
pump to the ABS (automotive braking system in automobiles). Commutators 
(Fig. 6.44) consist of insulating bodies that possess a large number of laminar 
copper sections. It is important during operation that the copper sections be 
solidly anchored in the commutator body and have no contact with one 
another. The commutator is mounted on the driveshaft of the motor. The 
reverse sides of the copper sections are undercut to anchor them more solidly. 
In particularly heavy-duty commutators, metal reinforeerneut is used to 
strengthen anchoring. 

The commutator is exposed to two main forms of stress when the electric 
motor is in operation: (1) those of centrifugal force and (2) thermal stresses due 
to the temperature of the motor. In addition, the commutator must withstand 
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certain stresses even during assembly: (I) during compression molding and 
(2) when the wire terminals of the windings are welded and attached to the 
copper sections of the commutator, a process during which extremely high 
temperatures and forces can develop temporarily. 

The range of demands made on (mainly phenolic) molding compounds as 
possible materials for the commutator body may be summarized as: (I) good 
electrical insulating power, (2) high mechanical strength, and (3) high thermal 
resistance. Phenolic resins to which thermally stabilizing modifiers are added 
in some cases (particularly to novolak-type materials, that are easier to work) 
are mainly used as binders. Epoxy molding compounds are also used in the 
case of large commutators. Modification of the phenolics with melamine 
resins achieves improved copper adhesion. This means that the molding 
compound exhibits good adhesion to the copper surfaces. Proper processing 
renders the adhesion of metal to resin greater than the cohesive strength of the 
molding compound. 

A basic change has occurred in the filling and reinforcing materials used 
to manufacture commutator molding compounds, since it was necessary to 
replace the asbestos fibers that had been used for many decades by other 
filling and reinforcing materials such as glass fibers. Commutators are differ­
entiated according to whether they are reinforced with rings, or are not re­
inforced. The latterare most frequently used. In this case, the molding com­
pound alone assumes the support function to enable the commutator to with­
stand centrifugal forces, a use for which glass fiber-reinforced molding 
compounds are particularly suited. 

The commutator molding compounds must furthermore assure high 
dimensional stability, i. e., exhibit favorable shrinkage behavior. Dimensional 
stability is achieved by pertinent formulation or appropriate thermal post­
treatment. Such measures pursue two objectives: (I) completion of the curing 
reaction and (2) release of volatile reaction products. They afford particularly 
good electrical parameters, dimensional stability by prior compensation of 
post-shrinkage, a desirable coefficient ofthermal expansion, thermoshock 
resistance, and appropriate mechanical strength. 

Figure 6.45 shows a simplified overview of molding compounds for 
commutators with information on the thermal resistance and the ftllers and 
reinforcing agents (mica and glass fiber). PF 13 is a standardized molding 
compound containing mica as a filler, whereas the two specialty phenolic 
molding compounds PF 4I09 and PF 4IIO (that exhibit particularly high 
thermal resistance) contain a glass fiber filler. 

Phenolic molding compounds similarly provide insulation characteristics 
in the area of hausehold appliances. In this case, however, they are generally 
used as thermal insulation. Thus, handles and knobs for kitchen pots and pans 
are made from high-temperature resistant phenolic molding compounds 
(Fig. 6.46). Grip handles for use in electric ovens demand high levels of dimen­
sional stability and lack of distortion from the plastics processor. Aside from 
the demand for thermal resistance to temperatures of up to 280 °C, high­
temperature applications of this type also place great emphasis on the dish­
washer/dishwashing detergent resistance as well as the color uniformity and 
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Fig. 6.45. Commutator molding compounds in their typical areas of application (with con­
sideration of fillers and thermal resistance) 

surface quality. Only muted colors such as black, brown, red, and green can be 
achieved using phenolic molding compounds. Brighter shades are produced 
using melamine or melamine/phenolic molding compounds (also refer to 
Fig 6.45). These "MP" (melamine/phenolic) molding compounds represent a 
compromise between color uniformity and enhanced tracking resistance on 
the one band, and reduced post shrinkage on the other hand- which is gen­
erally greater in melamine than in phenolic molding compounds. The level 
of melamine resin in MP molding compounds generally exceeds that of the 
phenolic resin, specifically to achieve the desired improvement in the tracking 
resistance. 

A classical application for thermoset molding compounds in the automotive 
area [68, 69] is in the ignition system, i.e., in spark plugs, spark plug caps, 
distributor rotors and caps, and ignition coil covers. Type 31.5 phenolic 
molding compounds are only used to a minor extent for such purposes. This 
application area is presently the domain of free-flowing polyester molding 
compounds, and (in the case of particularly high requirements) special epoxy 
molding compounds. Phenolic molding compounds are used in production of 
components including ashtrays and insulating tlanges (Fig. 6.47). 

In the area of braking systems, phenolic molding compounds have long 
been used to produce the pistons for power brake actuators [70] . In addition, 
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Table 6.46. Physical properties of standardized phenolic molding compounds as defined in 
DIN 7708 and ISO 14526 (see also Table 6.42) 

Property Unit Standard PF 13 PF 31 
Iso•JIECb/ (PF PS) (PFWD) 
UL 

Apparent density 
(molding compounds) g/cm3 60a 0.56-0.90 0.45-0.75 

Post-shrinkage o/o 2577• 0-0.1 0.1-0.9 
(168 h/110 °C) 

Tensile strength MPa 527• 30-50 50-70 
(5 mm/min) 

Tensile modulus MPa 527• 6000- 12,000 6000-12,000 
(1 mm/min) 

Flexural strength MPa 178• 50-120 70-120 
(2 mm/min) 

Charpy impact kJ/m2 179/1/2 eu• 2.5-4.5 4.5-11 
strength (23 °C) 

Charpy notched impact kJ/m2 179/1/2 eA a 1.5-2.5 1.3-1.8 
strength (23 °C) 

Temp. of deflection oc 75• 170-220 160-200 
underload 
HDTA-1.8 MPa 

Max application temp. oc 60216/P1 b 150 140 
<20,000 h 

Surface resistivity n 60093b 1E11-1E12 1E9-1E10 

Volume resistivity nxcm 60093b 1E12-1E13 1E10-1Ell 

Dissipation factor 100HZ 60250b 0.05-0.1 0.2-0.5 

Relative permittivity 100HZ 60250b 3-8 8-13 

Proof tracking index PTI 60112 b 175 125 
test liquid A 

Flammability UL 94 Step/mm UL94 94 V-110.75 94 V-1/1.5 
( thickness tested 1) (NC) (ALL) 

Flammability UL 94 Step/mm UL94 94 V-1/1.5 94 V-0/3.0 
( thickness tested 2) (NC) (ALL) 

Flammability method Step:::; 60707b BH1 BH2-10 
BH (Glow bar) 

Water absorption mg/o/o 62• <30/<0.2 <100/<0.75 
(24 h/23 °C) 

• ISO. c spezial electrical values. 
b IEC. d ammonia free. 
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Fig. 6.46. Applications 
of molding compounds in 
household appliances 
(e.g. panholder right on 
the bottom of the picture) 

the hydraulic pistons of disc brakes are fabricated on a large scale (although 
only in the USA) from special high-temperature resistant phenolic molding 
compounds.Aside from the requirement that the coefficient ofthermal expan­
sion approaches that of steel, the thermal resistance of contact with a brake 
lining bridging plate that can sometimes reach a temperature of over 400 °C is 
of prime importance in this application. 

The objective of recent developments under the automotive hood is the 
systematic replacement of metallic materials such as die cast aluminum for 
ancillary motor components. This includes equipment such as the coolant 
pump. The impeller and the pump housing are fabricated from glass fiber­
reinforced, elastomer-modified phenolic molding compounds; compared to 
the conventional metal version, the nonmetallic pump made of phenolic 
molding compound stands out due to its quieter running and Ionger service 
life coupled with greater efficiency and lower manufacturing costs. The 
coolant pump was among the first series-manufactured components to be 
made using phenolic molding compounds. In this application, the long-term 
dimensional stability in contact with the water/glycol coolantat a temperature 
of 140 oc was an important consideration. 



Fig. 6.47. Applications 
of phenolic molding com­
pounds in the automotive 
industry (ignition, ashtrays, 
insulating flanges, etc.) 
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Moreover, the drive and tensioning elements of the belt drive have been 
produced using phenolic molding compounds. These include the tensioning 
pulleys and profile or toothed pulleys for the drives of auxiliary equipment 
such as the coolant pump, generator/alternator, or air conditioner, and for the 
toothed belt drive contraHing the camshaft. 

Thermal insulation also represents one of the areas where phenolic mold­
ing compounds are used in autornative applications. lnsulating flanges repre­
sent a typical example of this application in the engine compartment. They are 
exposed to great thermal stress and to considerable compressive stress due to 
the bolted Connections. Exact requirements that are best met by use of phe­
nolic molding compounds with inorganic flllers are also encountered in 
components mounted directly on the engine block, such as the coolant pump, 
thermostat housing, or inlet tube. 

In the field of mechanical engineering, phenolic molding compounds are 
also very important for machine and equipment construction (Fig. 6.48). 
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Fig. 6.48. Phenolic molding 
compounds for machine 
and equipment construction 
(control elements) 

6.1.3.9 
Standardized and Non-Standardized Molding Compounds 
(as Examples for Applications) 

Table 6.46 surveys the (minimum required) properties of the main standardiz­
ed phenolic molding compounds as specified in DIN 7708 and ISO 14526. 

These molding compounds may be associated with the following fillers, 
properties and areas of application (ISO Standard number in parentheses). 

PF 13: (PF PS) 
- Phenolic molding compound, inorganic (mica) filler, heat resistant, good 

electrical properties, UL listed [0.75/V-1 (NC)], and standardized molding 
compound 

- Application areas: electric motor slip ring commutators, commutators, adjust­
ment motors, truck starter motors, vacuum cleaners, kitchen appliances, elec­
tric tools, electric vehicles, and other users of large commutators, bobbins 

PF 31: (PF WD) 
- Phenolic molding compound, mainly organic filler, standard molding 

compound for normal stress, UL listed [1.5/V-1 (ALL), 3.0/V-0 (ALL)], and 
standardized molding compound 
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- Application areas: moldings of all kinds, from screw caps to large casings, 
electrical installation material, handle casings (bars), pan handles, 
operating elements, toaster parts and pistons for power brake actuators, 
carbon brush holders, lamp casing parts, decorative items such as ash­
trays 

PP 31.5: (PP WD, E) 
- Phenolic molding compound, mainly organic flller, electrically high grade, 

standardized molding compound 
- Application areas: parts for electrical engineering and telecommunications, 

autornative electronics, terminal boards and baseplates, housings, mounting 
parts, engine ignition systems 

PP 31.9: (PP WD, A) 
- Phenolic molding compound, mainly organic filler, ammonia free, stan­

dardized molding compound 
- Application areas: parts for electrical engineering and telecommunica­

tions, autornative ignition systems, mounting parts, autornative elec­
tronics, terminal boards, moldings also exposed to warm and humid 
climates 

PP 51: (PP LP) 
- Phenolic molding compound, organic filler, reinforced with cotton fibers, 

enhanced notched impact strength, standardized molding compound 
- Application areas: switch gears cross bars, solenoid switch covers, magnetic 

switches, pulleys, tension/deflection pulleys, covers, handwheels 
PP 74: (PP SS) 
- Phenolic molding compound, organic filler, reinforced with cotton fiber 

flakes, high notched impact strength, standardized molding compound 
- Application areas: molding exposed to elevated mechanical stress levels, 

power sockets, operating elements, gears, rolls, handwheels 
PP 84: (PP SC) 
- Phenolic molding compound, organic filler, reinforced with cotton fiber 

flakes, high notched impact strength, standardized molding compound 
- Application areas: molding exposed to elevated mechanical stress level 

(housings, rolls, gears, roll bodies, and bearings ), pulleys, operating elements, 
covers 

Table 6.47 surveys a number of special-purpose phenolic molding com­
pounds. The listed compounds only represent a selection. The number of 
special-purpose molding compounds on the market is relatively large, since 
such compounds are generally matched to specific applications; thus, the 
following comments can only be representative in nature. 

PP4111 
- Phenolic molding compound, inorganic flller, glass fiber reinforcement, free 

of ammonia and acetic acid, electrically high grade, high temperature sta­
bility, high mechanical strength, copper-adhesive, UL listed [0,75/V-0 (BK)] 
molding compound 

- Application areas: commutators, windshield wipers, adjustment motors, 
washing machine motors, kitchen appliances, electric tools 



222 6 Economic Significance, Survey of Applications, and Six Bonding Functions 

Table 6.47. Physical properties of special-purpose (non-standardized) phenolic molding 
compounds 

Property Unit Standard PF 4111 PF 5109 
rso•tmcbt 
UL 

Apparent density g/cm3 60• 0.75-0.85 0.50-0.60 
(molding compounds) 

Post shrinkage % 2577• 0-0.25 0.2-0.6 
(168h/ll0°C) 

Tensile strength MPa 527• 60-80 45-65 
(5 mm/min) 

Tensile modulus MPa 527• 10,000-16,000 5500-11,500 
(1 mm/min)M 

Flexural strength MPa 178• 120-160 70-110 
(2mm/min) 

Charpy impact kJ/m2 179/1/2 eu• 8-12 7-11 
strength (23 °C) 

Charpy notched impact kJ/m2 179/1/2 eA • 2.5-4 4-7 
strength ( 23 oC) 

Temp. of deflection under oc 75•-2 200-240 150-190 
load HDTA- 1.8 MPa 

Max application temp. oc 60216/Pl b 170 130 
<20,000 h 

Surface resistivity n 60093b 1E11-1El2 1E8-1E9 

Volume resistivity nxcm 60093b 1El2-1El3 1E9-1El0 

Dissipation factor 100HZ 60250b 0.02-0.05 0.3-0.6 

Relative permittivity 100HZ 60250b 3-8 8-13 

Proof tracking index PTI 60 112b 225 125 
test liquid A 

Flammability UL 94 Step/mm UL94 94 V-0/0.75 94 V-0/3.2 
( thickness tested 1) (BK) 

Flammability UL 94 Step/mm UL94 94 V-0/1.5 94 V-1/1.6 
(thickness tested 2) (BK) 

Flammability method Step ~ 60707b BHl BH2-10 
BH (Glow bar) 

Water absorption mg/% 62• <30/<0.2 < 150/< 1.1 
(24 h/23 °C) 
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PF 7130 PF 7272 PF 7300 PF 7595 PF 7909 

0.60-0.70 0.55-0.65 0.85-0.95 0.65-0.75 

0.2-0.5 0.25-0.7 0.2-0.4 0.05-0.2 0.4-0.9 

45-65 45-65 40-60 45-65 50-70 

5000-11,000 6000-12,000 5500-11,500 7000-13,000 7000-13,000 

75-105 70-110 70-110 70-100 80-120 

5-9 5-9 5-9 3-6 5-9 

1.3-1.6 1.3-1.5 5-9 1.0-1.3 1.3-1.6 

160-200 155-195 170-210 210-240 155-195 

150 140 130 150 130 

1E9-1E10 1E9-1E10 1E8-1E9 1E9-1E10 

1E10-1Ell 1E10-1Ell 1E9-1Ell 1E10-1Ell 

0.1-0.3 0.3-0.6 OA-0.7 0.1-0.3 

8-13 9-14 12-17 5-10 

125 125 125 175 

94 V -1/1.6 94 V -1/1.6 94 V -1/1.6 94 V -0/3.2 94 V -0/0.33 
(BK) 

94 V -1/3.2 94 V -1/3.2 94 V -1/3.2 94 V -0/1.6 94 V -0/0.62 
(BK) 

BH2-30 BH2-l0 BH2-30 BH2-10 BH1 

<50/<0.25 <20/<0.15 <55/<0.4 
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PF5109 
- Phenolic molding compound, organic filler, reinforced with textile flakes, 

high notched impact strength, low abrasion 
- Application areas: Cross bars 
PP 7130 
- Phenolic molding compound, inorganic/organic flller, average heat resis-

tance, powder painting possible, high surface quality 
- Application areas: iron heat shield 
PF7272 
- Phenolic molding compound, mainly organic filler, high surface quality, 

good dimensional quality 
- Application areas: fittings 
PF7300 
- Phenolic molding compound, organic flller, reinforced with textile flakes, 

high notched impact strength, good slip properties 
- Application areas: bearings, guide rails and gears 
PF7595 
- Phenolic molding compound, inorganic/organic filler, modified with 

graphite, good heat conductivity, good slip properties (not suitable for 
exposure to elevated tension levels) 

- Application areas: supporting bodies for diamond grinding wheels, gas 
meter parts, pump parts, sliding/guide elements, self-lubricating bearing 
parts 

PF7909 
- Phenolic molding compound, inorganic/organic filler, ammonia free, self 

extinguishing, UL listed [0.33/V-0 (BK)] molding compound 
- Application areas: electrical engineering and telecommunications com­

ponents, bobbins, relay sockets, electricity meters, automotive ignition 
systems, mounting parts, automotive electronics, terminal boards, moldings 
also exposed to warm and humid climates 

6.1.3.10 
Properties of Phenolic Molding Compounds Compared to Those of Other Materials 

Possible properties of phenolic molding compounds ( depending on the 
specific fillers and reinforcing agents, and various combinations) are high 
strength, stiffness and hardness, low tracking, good toughness, high thermal 
deformation resistance, low coefficient of thermal expansion, little or no 
flammability, incandescence resistance, and stress cracking resistance. 
Furthermore, phenolic molding compounds exhibit a good cost-performance 
relationship. Phenolic molding compounds are resistant to weak acids, weak 
alkalis, alcohols, esters, ketones, ethers, chlorinated hydrocarbons, benzene, 
mineral oil, animaland plant-based oils and fats. Depending on the type of 
phenolic molding compounds they are not resistant to strong acids, strong 
alkalis, or boiling water in long-term testing. 

The advantages of phenolic molding compounds over metals (Table 6.48) 
are in areas such as the construction design freedom, i. e., benefits in design of 
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Table 6.48. Advantages of phenolic molding compounds over metals 

1. Construction design freedom (functional integrity, reduction of production costs) 
2. Longer mold service lives (for example compared to aluminum die casting, cost savings) 
3. Material savings (25-30% due to lower density) 
4. Maintenance of dimensional tolerances (precisely, and without followup machining) 

the molding [71]. Functional components can be integrated and a reduction 
achieved in the total fabrication cost of the workpiece. Due to the basic 
properties of plastics, the molds have Ionger service life than for example in 
aluminum casting, thus affording considerable cost reduction. Cost reductions 
are also achieved due to the weight savings resulting from the lower specific 
weight, particularly in the case of automotive fabrication. These weight reduc­
tions in turn directly lead to decreased fuel!energy costs. Dimensional toler­
ances can be observed more precisely, and without the need for follow-up 
machining. 

A comparison of thermosets [72-74], specifically phenolic molding com­
pounds, with thermoplastics (in other words a comparison of one dass of 
plastics with another) shows the advantages listed in Table 6.49. Moldings 
made of phenolic molding compounds feature superior dimensional stability 
under conditions of heat and pressure. They exhibit largely reliable chemical 
resistance, high surface hardness with low mar sensitivity, good electrical and 
thermal insulating power, high dimensional stability, favorable flammability 
properties even in the absence of halogenated or phosphorus-based fire 
retardants, and sufficient structural integrity under conditions of exposure to 
high temperatures. From the aspect of process engineering, the facts are also 
important that they exhibit no sink marks at points where walls of various 
thicknesses intersect in fabrication of moldings, and that thermoset molding 
compounds can be processed by transfer molding in a manner similar to that 
used with thermoplastics. 

The high spatial crosslinking density of thermoset molding compounds 
Ieads to high compression strength and surface hardness coupled with low 
elongation at break. Due to this structure, phenolic molding compounds 
cannot offer the same toughness properties as thermoplastic products. This is 
logical, since other positive properties such as the thermal resistance or low 
cold flow would be lost if an attempt were made to increase the elongation at 
break, for example, by incorporation of modifiers. Figure 6.49 compares 
stress-strain curves of glass fiber-reinforced polyamide 6 and a PF 6507 glass 

Table 6.49. Advantages of 
thermoset molding com­
pounds over thermoplastics 

1. Dimensional stability under conditions of heat and pressure 
2. Reliable chemical resistance 
3. High surface hardness, low mar sensitivity 
4. High insulating power 
5. Flame retardency without added halogens 
6. No sink marks at differing wall thicknesses 
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Fig. 6.49. Elongation at break curves of thermoplastics vs phenolic molding compounds 
(1 = phenolic molding compound,2 = thermoplastic molding compound) 

fiber-reinforced phenolic molding compound manufactured by Bakelite AG 
(Iserlohn, Germany). Less than 1 o/o elongation is observed for the phenolic 
molding compound as compared to high Ievel of elongation for polyamide 6. 

The frequently cited main difference in the behavior of phenolic or other 
thermoset molding compounds and thermoplastics - the thermal behavior -
may bebest illustrated on the basis of shear modulus curves (Fig. 6.50). In 
Fig. 6.50, the shear modulus of a phenolic molding compound containing 30 o/o 
glass fiber (PF GF 30) is compared with those of glass fiber-reinforced poly­
carbonate (PC GF 30) and polyethylene terephthalate (PET -GF 20 ). Despite the 
glass fiber reinforcement, softening occurs in the two thermoplastic plastics 
at a characteristic temperature, and manifests itself by a severe drop in the 
shear modulus curve. In contrast, the shear modulus of the thermosetting 
(phenolic) molding compound remains essentially constant over the entire 
range of measurement. The glass transition temperature, at which a certain 
increase in molecular mobility occurs, characterizes the inflection point of the 
curves. In the case of moldings made of phenolic molding compounds, this 
mobility is so small that it cannot be detected from a measurement of the 
shear modulus. The glass transition temperatures of phenolic molding com­
pounds can be far better determined by TMA measurements. 

Heat treatment produces an increase in the glass transition temperature. 
Figure 6.51 shows a curve of the glass transition temperature as a function of 
the thermal pretreatment using a glass fiber-reinforced molding compound 
PF 6507 as an example. Depending on the thermal pretreatment, the glass 
transition temperature ranges between 200 and 350 °C in this case, in other 
words significantly higher than in thermoplastics (see also chapter on Chem-
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Fig. 6.50. Shear modulus 
curve (PC = polycarbonate, 
PET = polyethylene 
terephtalate, GF = glass fiber) 
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istry, Reactions, and Mechanisms). A marked difference between thermo­
plastics and phenolic based thermoset molding compounds can also be 
observed in a comparison of the tensile strength as a function of the tempera­
ture. Figure 6.52 shows that the glass fiber-reinforced phenolic molding com­
pound still reaches about 50% of its original strength at 230 °C, determined 
using test pieces without heat treatment. This Ievel can be further increased by 
20-30% (PF 6540 phenolic molding compound with and without heat treat­
ment) using the process ofheat treatment described above.A residual strength 
Ievel of more than around 80% ofthat at ambient temperature is thus ob­
tained. In contrast, the tensile strength of the high-tech thermoplastic molding 
compound PPS-GF 40 undergoes a dramatic fall at 180 oc. 

In general, increasing demands for higher thermal stability have been 
expressed in development of thermoset molding compounds in recent years 
[75-77]. However, the term "high temperature resistance" can only be 
illustrated to a reasonably exact extent by a combined consideration of highly 
diverse thermal stresses. The "Temperature Index" (TI) defined in IEC 60216 
is frequently used as a basis for the requirement of long-term thermal resis­
tance, and describes the temperature at which moldings still exhibit 50% of 
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Fig. 6.52. Tensile strength 
vs temperature; comparison 
of glass fiber-reinforced 
thermoplastics (PPS GF 40 
and PA6 GF 35) with glass 
fiber-reinforced phenolic 
molding compound PF 6540 
(heat treated and untreated) 
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their original ambient temperature strength after 20,000 h storage at 180 oc or 
100,000 h at 150 oc. The TI can only be used for comparisons of thermoplastics 
with thermosets to a limited extent, since the TI provides no information 
on the residual strength a material exhibits at the indicated temperatures 
(Table 6.50). For example, a high-performance thermoplastic such as PPS, that 
displays a temperature index of 220 oc following thermal exposure, exhibits 
barely 5 o/o residual strength at 200 °C, whereas a glass fiber reinforced phenolic 
molding compound (PF GF 25) still provides 52 o/o residual strength (relative 
to the original strength Ievel) at this temperature. 

As an extension of such material comparisons, Table 6.51 surveys the basic 
properties of phenolic, unsaturated polyester, epoxy, and melamine/phenolic 
molding compounds containing organic and inorganic fillers. 

Due to their pattern of properties, phenolic molding compounds can be 
used in a relatively broad range of applications, particularly since they are 
capable of versatile (organic and inorganic) modification. Their cost-per-

Table 6.50. Residual strength Ievels (RS) of molding compounds (thermoplastics: PA 66, PETP, 
PPS; phenolic molding compounds: PF 31 and PF GF 25) 

TI (°C) RS(%) RS (%) RS (%) 
UL 100°C 150°C 200°C 

PA66 130 51.3 39.7 7.2 
PETP 140 38.1 21.1 
PPS 220 48.3 34.9 4.7 
PF 31 (WD30 MD20-WD40 MD 10) 83.7 51.2 50.1 
PF 6507,6537 (GF30 MD20-GF40 MD10) 160 71.9 57.8 52 
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formance relationship is outstanding, and they can be recycled (particulate 
recycling) relatively weil. The disadvantage that phenolic molding compounds 
yellow when exposed to light and can only be colored to a limited extent 
(no light colors possible) is not shared by melamine, melamine/phenolic, or 
UP molding compounds. In addition, melamine (MF) and UP molding com­
pounds exhibit very good tracking resistance. UP molding compounds also 
feature reduced processing and secondary shrinkage ( depending on the type 
of resin used). These Ievels can be extremely low in the case of epoxy molding 
compounds, which offer particularly high-grade electrical properties and very 
high chemical resistance. Special melamine molding compounds are approved 
for use in food packaging, whereas this does not apply to phenolic molding 
compounds for reasons of taste. 

6.1.3.11 
Phenolic Novolaks and Epoxidized Phenolic Novolaks for Production 
of Epoxy Molding Compounds 

On the subject of phenolic resins/molding compounds and their applications, 
free-flowing, thermosetting epoxy molding compounds, specifically"electronic 
molding compounds" used to encapsulate miniaturized electronic components 
and microcomponents, are produced by combining epoxidized phenolic or 
cresol novolaks that eure and crosslink in a system with novolaks as curing 
agents (see chapter on Chemistry, Reactions, and Mechanisms). For use in the 
area of electronics, it is necessary that the novolaks, the epoxidized novolaks 
produced from these, and the novolaks used as curing agents exhibit the highest 
possible purity. This refers to extremely low Ievels of free phenol in the novolak 
and low Ievels of chlorine in the epoxidized novolak. Such highly pure epox:y 
molding compounds containing special (generally cresol-based) novolaks as a 
curing agent occupy a secure position as compression molding compounds 
for encapsulation components. These products afford relatively inexpensive 
encapsulation of even the smallest components. About 95% of all electronics 
molding compounds worldwide are formulated on this basis. Table 6.52 shows 
a proposed formulation for an epox:y molding compound [78, 79]. Epoxy 
electronic molding compounds based on the combination of an epoxidized 
phenolic novolak and a novolak curing agent are processed globally by transfer 
molding. The granulated molding compound is generally first preformed, the 
tablets premelted in a microwave generator, and finally molded. The molding 
compounds are generally provided with a relatively high level of fused quartz 
flour of high chemical purity to reduce coefficient of expansion, increase glass 
transition temperature, and improve their moisture resistance. The grades of 
quartz flour used in this application are generally silanized. 

Engineering epoxy molding compounds formulated with a similar composi­
tion (EP-NOV/NOV) generally contain inorganic fillers, glass fiber, or mica 
as reinforcing agents, and feature high thermal resistance, good electrical 
properties even at elevated temperatures, and very low secondary shrinkage 
[80]. Furthermore, they are suitable for applications where only minor Iosses 
in mass may take place at temperatures between 200 and 300 oc. The dimen-
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Table 6.52. Composition of epoxy electronics molding compounds [79] 

Epoxyresin 
Curing agent 
Accelerator 
Filler 
Flame retardant. 
Adhesion promoter 
Parting agent 
Pigment 

Epoxidized novolak, mainly cresol novolak 
Phenolic novolak 
Imidazole derivatives 
Fused quartz flour 
Brominated epoxy resin, antimony trioxide) 
Epoxy silane 
Synthetic waxes 
Carbon black 

Dimensional deviation (%} 
0,2 

0,15 

0,1 

ca. 20o/o 
ca. 10o/o 

66-75% 
ca. 5o/o 

0,05 ~--------------------~~~M=14~ 
0 

0 2 4 6 8 10 12 14 

Duralion of storage (d} at 140 oc 
Fig. 6.53. Dimensional deviation after 8 h post stoving at 180°C and storage at 140°C 
(14 days) (EP 8414-PF 6507) 

sional changesthat take place in hot (140°C) storage are generally very low 
compared to those of straight phenolic molding compounds (Fig. 6.53). Such 
epoxy molding compounds are used for premium products such as special 
commutators, lamp sockets (as a ceramic substitute), reflectors, electronic 
components; thermally, chemically and mechanically stressed parts such as 
magnetic valve actuators, electrotechnical components, coil forms, automotive 
electrical systems, spark plug caps, and other applications. 

6.1.4 
lmpregnation of Paper and Fabric (Overview) 

Impregnation of a carrier material such as paper or fabric based on inorganic 
fibers generally involves saturating it, whereas in painting or coating, the sur­
face of the substrate is only treated. With this apparent difference between 
impregnation and coating, specially modified, filled or unfilled resin solutions 
are used in the impregnation process. Key characteristics are mainly associat­
ed with the base resin and its range of properties [ 1, 2]. 
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Table 6.53. Impregnation applications of phenolic resins 

Carrier Material Resin Type 

Glass cloth 

Paper 

Cotton cloth 

Paper or plastic 

Special papers 

Honeycomb 

Glass cloth 

Novolak and resole solutions 

Modified and unmodified 
phenolic resin solutions 

Modified and unmodified resole 
solutions 

Aqueous resoles 

Modified and unmodified 
phenolic resin solutions 

Modified phenolic resin 
solutions 

Modified phenolic resoles 
polymer modified phenolic 
resin solutions 

Application(s) 

Cloth inserts for grinding wheels 

Electrical paper Iaminates, with and 
without copper cladding 

Cloth Iaminates for mechanical and 
electrical engineering 

Battery separators 

Linings for automatic transmissions 

Production of special composites 

Composites, pultrusion blanks, fishing 
rod production 

The properties of final products produced by impregnation with phenolics 
or other synthetic resins such as epoxies or melamine resins followed by 
curing depend on both the type and grade of the carrier material, and on the 
specific properties of the impregnating resin. Liquid phenolics - resin solu­
tions and aqueous resoles - are used to impregnate paper, textiles, or glass 
fabric and mats in various areas of application (Table 6.53). Production of 
"reinforcing glass fabric" (glass fabric impregnated with alcoholic phenolic 
resin solutions) used as an insert in grinding wheels to increase their stability 
and hurst strength will be discussed in the Abrasives chapter. Impregnated 
woven or glass filament is also used in production of composites made by pul­
trusion or shaping of prepregs. Composites in which the matrix is an epoxy 
resin feature particularly good toughness. Phenolic resin bonded glass fiber 
composites exhibit particularly good flame retardancy and low smoke den­
sity; thus, they are increasingly used in aircraft and automotive applications 
[3-8] (see Section on High Performance and Advanced Composites 6.1.5). 
Combination- co-curing of epoxy and phenolic resins- permits useful combi­
nation of the two groups of properties. This concept is utilized for applications 
such as the flooring in construction of aircraft, for example, the Airbus A 340. 

In addition to the above impregnation applications, filter papers used to 
manufacture air, fuel, and oil filters for the automotive industry are impregnat­
ed with special phenolic resins, and resin-impregnated paper "separators" used 
as dividers in lead storage batteries. Other applications include honeycomb and 
special-purpose impregnated paper linings for automatic transmissions. 

6.1.4.1 
Molded Laminates (lntroduction) 

The following discussion will mainly consider production of clad and unelad 
Iaminates for the electrical and electronics industries, and molded Iaminates 
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for industrial use, for example, in mechanical engineering. This includes elec­
trical paper Iaminates in the form of sheets or rolls (Figs. 6.54 and 55) used for 
various industrial and insulation applications (sheets or tubes). 

As the name suggests, molded Iaminates - simply expressed - represent 
materials made up of individual resin-impregnated layers of paper, textile 
fabric, glass mat, or glass fabric. In an extreme case, wood Iaminates also 
belong to this group. 

Layers are bonded together by the homogeneously introduced matrix 
resins (phenolics, melamine resins, epoxies, unsaturated polyesters, and 
others). This publication understandably concentrates on phenolic resins; a 
number of comparisons with epoxies develop from these considerations. 

Further processing of the thermosetting resin-impregnated carrier materi­
als is generally carried out on a discontinuous basis, i. e., the carrier materials 
are cut into sections of equal size and converted into homogeneous products 
by placing them between pressing plates or in molds and applying heat and 
pressure according to the "Baekeland principle" described in his "heat and 
pressure patent:' Using this procedure, phenolic resin eures and adhesively 
bonds the individuallayers together. The base materials for printed circuits [9] 
are especially important members of the group formed by industriallami­
nates. Tubes are also produced from the impregnated carrier materials by the 
winding or compression molding method. Secondary shaping can afford pro­
files and rods. 

The above comments suggest that the final products (molded Iaminates, 
industriallaminates) can be either sheets clad with copper foil for further pro­
cessing, or tubes and profiles. 

Fig. 6.54. Examples of 
applications for paper-
and fabric-based molded 
Iaminates (photo: Isola AG, 
Düren) 
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Fig. 6.55. Working of a 
paper-based Iaminate tube 
(Photo: lsola AG, Düren) 

Most of these materials are used as insulating materials in the electrical 
industry and in data systems engineering, and must exhibit an outstanding 
range of mechanical and electrical properties matched to the resin matrix. 
Many special-purpose unmodified and modified phenolic resins have thus 
been developed for these application areas. The modifiersthat are used main­
ly affect the flame retardancy, flexibility, or plasticity, allowing the product to 
function under special processing conditions [ 10- 13]; i. e., they exert a spe­
cific effect on the fabrication, processing and end-use application. Among 
molded Iaminates, paper-based and fabric-based Iaminates represent some of 
the most important products [14]. Their low density, good electrical pro­
perties, and outstanding workability are noteworthy. 

6.1.4.2 
Molded Laminates (Survey of Technologies and Diversification) 

Fahrkation of molded Iaminates using thermosetting resins is accomplished 
by impregnating the fabric or paper carrier materials with phenolic resins or 
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Fig. 6.56. Horizontal impregnating system for paper-based Iaminates 

.............. a 

.... .......... :========il 

d 

Fig. 6.57. Impregnation of carrier materials (a = impregnating bath; b = carrier web feed; 
c = impregnation; d = drying; e = coiling of impregnated web) (from [10]) 

other liquid thermosetting binders such as melamine resins or epoxies 
(Figs. 6.56 and 6.57}, drying the impregnated webs in a festoon dryer, and then 
cutting them to sections of specific dimensions (Fig. 6.58}. Industrial impreg­
nation systems operate horizontally or vertically [ 15 -17]. Horizontal impreg­
nating and drying technology is mainly used for phenolic paper Iaminates; 
modern vertical systems equipped with strategically positioned radiant heat­
ers are used for cotton fabric and particularly for high-quality, epoxy-impreg­
nated glass Iaminates. 

The drying sections represent the most important part of the impregnation 
line. Various drying systems are used, and particular care is devoted to tempe-
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Fig. 6.58. Further processing of impregnated carrier materials to afford molded Iaminates 
(a = impregnated carrier material; b = cutting to size; c = stage press) (from [10] 

rature control since it must be possible to set a temperature or temperature 
program that best corresponds to the individual curing characteristics of the 
resin system. The ideal temperature program may be empirically determined. 

Continuous double belt presses can also be used to press the impregnated 
webs of carrier material. In these, the impregnated webs of material are con­
tinuously pressed and cured between two steel belts. Such a technique requires 
rapidly curing resin systems. This process, which is suitable for thin materials 
exhibiting a homogeneous formulation and quality, is used on a large scale for 
decorative Iaminates and to a lesser extent in the area ofthin epoxy glass fabric 
Iaminates. 

After the impregnated material has been cut to size and stacked, it is sub­
jected to hot compression in multi-daylight presses (Fig. 6.58). The layers are 
converted into a relatively homogeneous material by pressing at a temperature 
of 150-160°C. The phenolic resins eure during this process (position c in 
Fig. 6.58) . The layers should not delaminate during working or subsequent use. 

The three most important operations in production of molded Iaminates 
are thus (1) impregnation (saturation) or coating of the carrier material, (2) 
drying (evaporation of solvents and water) coupled with precuring of the 
heat-reactive binder, and (3) final curing in presses [18] . 

Vulcanized fiber (made using stacks of parchmentized paper as a starting 
material) can be regarded as a precursor to molded Iaminates [19] . Today, the 
main use of vulcanized fiber itself is in production of vulcanized fiber wheels 
(cf. sections on coated abrasives). 

Molded Iaminates also include the Iaminated profiles and tubes mentioned 
above. Tubes can be produced by winding impregnated webs around a man­
drei (positions band c in Fig. 6.59) and compacting these, if appropriate, with 
secondary shaping. Secondary shaping can afford profiles such as angles or 
flat bars (positions fandein Fig. 6.59) (see also Filament Winding in High Per­
formance and Advanced Composites Section 6.1.5). 

In the winding process for fabrication of tubes, impregnated or coated car­
rier materials (paper or fabric) are heated by passing them over a system of 
rollers, wound around a heated mandrel, and the uncured shape on the man­
drei cured by application of additional heat. The winding machines used for 
this purpose can be constructed using various systems (two-roll or three-roll 
machines). Another fabrication method is used to manufacture compression 
shaped tubes and profiles, and has the advantage that the material is subjected 
to less stress ( during stripping). In compression shaping, the web is wrapped 
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d 

~ 
Fig. 6.59. Further processing of impregnated carrier materials to afford profiles and tubes 
( a = impregnated carrier material; b = coiling of impregnated web; c =man drei; d = heat 
curing; e = profile winding system; f = pressing) (from [10]) 

araund the mandrei in either a cold or moderately warm state, and the wrap­
ped mandrei ( of any desired cross-section) placed in a mold that corresponds 
to its profile. Pressing is then carried out und er conditions of temperature and 
pressure appropriate to the molded Iaminates. The round or angular tubes can 
also be compression shaped to yield flat bars or profiles. 

6.1.4.3 
Economic Considerations and Background (Eiectrical Laminates 
and Printed Circuit Boards) 

Unelad and copper-clad base materials for printed circuit boards (Fig. 6.60) 
have by far the greatest importance in the areas of fabrication and application 
of molded Iaminates, particularly in view of the boom in the electronics and 
entertainment industry and the corresponding demand for products includ­
ing computers and television sets. 

Fig. 6.60. Printed circuit board without components (photo: Isola AG, Düren) 
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Phenolic resins were the first synthetic impregnating agents used in fabri­
cation of molded Iaminates. Other binders followed later. Higher demands on 
quality and development of new resin systems have led to market introduction 
of epoxy resin-impregnated papers and glass fabric, which exhibitpremium 
electrical properties and increased dimensional stability. 

The present situation of the Iaminate market can be best understood by 
considering the NEMA (US National Electrical Manufacturer's Association) 
classes of electricallaminates (Table 6.54) and listing several types of pro­
perties and current areas of application. The flame retardant grades of 
phenolic-bonded Iaminates FR-1 and FR-2 (the latter exhibiting better electri­
cal properties) have experienced a certain degree of further development to 
the epoxy-bonded types FR-3, FR-4, FR-5, and higher containing glass fabric as 

Table 6.54. NEMA Pub. 1989 classification of electrical Iaminates by types, properties and 
applications 

NEMAGrade• Carrier Property/Properties Examples of Applications 
(Resin Basis) 

FR-1 (PF)b Paper Flame retardant, not Automatie toys, pocket 
electrically high quality calculators 

FR-2 (PF)b Paper Flame retardant, Standard TV and audio 
electrically high quality equipment, telephone 

equipment 

FR-3 (EP) Paper Flame retardant, High-quality TV and audio 
high -grade dielectric equipment 
properties 

FR-4 (EP) Glass cloth Flame retardant, Multilayer circuit boards, 
electrically very high computer systems 
quality 

FR-5 (EP) Glass cloth As FR-4 but higherglass Electronic equipment 
transition point exposed to thermal stress 

G-10 (EP) Glass cloth Not treated for flame Electronic equipment 
retardancy exposed to great mechanical 

stress 

G-11 (EP) Glass cloth Not treated for flame As in G-10, but in compo-
retardancy, T8 higher nents exposed to thermal 
than in G-10 stress such as insulating 
strips 

CEM-1 (EP)c Core of paper, Flame retardant FR-3 applications such as TV 
cover of glass electrically high quality and audio equipment 
cloth exposed to mechanical stress 

CEM-3 (EP)c Core of glass mat, Flame retardant, Economical applications, 
cover of glass electrically high quality FR4 with lower dimensional 
cloth stability 

• FR= Flame retardant; PF = Phenolic resin; EP = Epoxy resin. 
b FR-1 and -2, straight insulating or copper-clad materials. 
c Application-related alternatives to FR-3 and FR-4. 
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a carrier material. Types G-1 0 and G-11 are non-flame retardant versions of 
FR-4 and FR-5, and CEM-1 and CEM-3 are composites that represent alterna­
tives to FR-3 and FR-4 with respect to their physical properties and cost. The 
list of properties parallels the rising quality of the applications, from produc­
ts such as electronic automatic toys from east Asia to high-tech computers 
from Japan, USA, or Europe. 

The supplementary Table 6.55 compares the above NEMA-L1 1-1989lami­
nate Types FR-2 and FR-3 with DIN EN 60249-2 grades PF-CP-Cu and EP-CP­
Cu. Nominal, andin some cases, actual data [20] are shown in the table. As 
expected, the epoxy paper Iaminates exhibit marked advantages in their 
electrical data, enabling them to be used in more complex (TV or audio) 
equipment. Furtherevolution of molded Iaminates (matrix and carrier mate­
rials) to their present state of development has been associated with opti­
mization of printed circuit boards (Fig. 6.61) and continued development of 
these to the multilayer circuit board (Fig. 6.62). 

The historical development of printed circuit boards (for assembly and 
configuration with components) dates back to the invention of the transistor 
by the Nobellaureate Shockley (1910-1963). In the 1940s he had developed an 
important electronic component, the transistor. Using relatively low potentials 
and currents, a transistor can assume the digital and analog functions of an 
electronic tube. It is based on semiconductor technology, mainly that of sili­
con. This technology permits large numbers of components such as diodes and 
resonant circuits tobe combined and many functions united in a single silicon 

Fig. 6.61. Printed circuit 
board assembly in a 
telephone (photo: Isola AG, 
Düren) 
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Fig. 6.62. Multilayer Jaminate-based on glass fabric and epoxy resin (photo: Isola AG, Düren) 

chip, the "integrated circuit" or IC. Since such integrated components, to­
gether with their associated resistors and capacitors, only require copper 
connections with very small cross-sections, development concentrated on 
creating these connections by etching copper foil clad to the surface of a flat 
insulating material. The printed circuit board thus emerged, and with it the 
necessity to develop copper-clad molded Iaminates together with the asso­
ciated technologies including those required to produce appropriate thin 
copper foils and bond these to the laminate. The printed circuit board must 
thus fulfill three functions: it must (1) hold the variety of components, (2) 
connect these by way of tracks, and ( 3) insulate connections and components 
from one another. 

The tracks gave rise to the "printed circuit". Printed circuit boards based on 
copper-clad phenolic paper Iaminates are generally produced using the screen 
printing or photoprinting process ( the form er for high productivity, the latter 
for high accuracy). The etch-resistant circuit image is firsttransferred to the 
board. In the screen printing process used for industrial series production, the 
printing screen, with open spaces where the tracks should be positioned, is 
placed on the board and the printing ink forced through the screen. After the 
ink dries, the board is etched, rinsed, dried, and the printing ink finally re­
moved with solvent or other chemicals. In the photoprinting process, a light­
sensitive coating is applied to the copper, the circuit image transferred to the 
coating by exposing the latter through a negative film, and the coating devel­
oped. The printed circuit image is then etched in the board, and the finished 
circuit cleaned (see Photoresist/Imaging Section 6.3.1.8). 



Fig. 6.63. World market for 
printed circuit boards in 1995 
(U.S. $26 billion); source: VDL 
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In large-scale production, the component connections are soldered into the 
board using automatic soldering baths at 260 °C. Due to this circumstance, the 
bond of the copper to the matrix of the board must temporarily withstand this 
temperature. The increasing complexity of electronic equipment and asso­
ciated components rendered printed circuit boards clad on only one side with 
copper foil inadequate for further development. Thus, it was just a matter of 
time until circuit boards clad on both sides, and finally multilayer circuit 
boards were developed. The latter, and increased demands, then led to the use 
of glass fabric in additiontopaper as a carrier, and to special "highly sophisti­
cated" epoxy resins with particularly good adhesion to glass fiber and copper 
in addition to modified and unmodified phenolics as a matrix. 

At present, printed circuit boardsgenerate an estimated annual turnover of 
more than 26 billion US dollars worldwide, with a main focus in Asia 
(Fig. 6.63). The consumption oflaminates has risen from about 102 million m2 

in 1984 to more than 200 million m2 in 1996. During the same period, the vol­
ume of paper laminates (phenolics and epoxies, FR-1 to FR-3) has risen from 
about 50 million to over 80 million m2,and presently leveled at 80-90 million m2 

(Fig. 6.64). At present, paper-based laminates (FR-1 to FR-3) represent about 
40-41 o/o of the world laminate consumption or 81.4 million m2, and phenolic 
paper laminates make up around 65 million m2 of this. This indicates a world­
wide resin demand of 65,000 tonnes, 4000- 5000 tonnes of this in Europe. A 
laminate consumption of about 92 million m2 results when the CEM-1 
paper/glass fiber composites are included in the paper-based laminate total 
(Fig. 6.65), a large fraction of this in Asia, from where inexpensive toys and 
consumer articles as well as standard TV sets and audio equipment are export­
ed to Europe and the USA. Of the laminates used worldwide, 55 o/o are based on 
epoxies, 3.3 o/o on polyester, and 1.8 o/o on polyimide. The paper-based 
laminatedemandin Europe is only 8.7% of the total (Japan: 38% and rest of 
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Paperbased (PF- 83 %) 
81,4Mio. m' 

40.2 % 

•)High Pcr1ormanec 

Fig. 6.64. Worldwide consumption oflaminates in 1996, ca. 157 million square meters (source: 
bpa) 

Fig. 6.65. Worldwide consump­
tion of paper-based Iaminates 
(FR-1,FR-2,FR-3,CEM-1) in 
1996, 92 million square meters 

Asia 
80Mio. m2 

87 % 

Asia: 49%), and includes about 4.5 million m2 of FR-2 (Fig. 6.66). FR-1 (cf. 
Table 6.54) is mainly used in Asia. The focus in Europe and the USA is 
on FR-3, FR-4, and similar materials. Although PF (phenolic) Iaminates are 
mainly used in less expensive ("consumer") electronics, the demands on the 
base material and thus on the resins as well have risen considerably over the 
years. 

6.1.4.4 
Standardization of Molded Laminates 

Various international standards are presently used for quality assurance of 
molded Iaminates. In Europe, CEN (European Committee for Standardization) 



Fig. 6.66. European market for 
paper-based Iaminates in 1996, 
7.5 million square meters 

FR-2 
4,5 Mio. m2 

60% 

6.1 Permanent Bonding 245 

CEM-1 
1,9 Mio. m2 

25,3% 

FR-3 
1,1 Mio. m2 

14,7% 

criteria are becoming established as the principle standards. As in the case of 
thermosetting molding compounds (cf. section on phenolic molding com­
pounds 6.1.3), both internationalization (in the globalization process of the 
pertinent industry and suppliers) and a sensible concentration of the various 
types of materials has taken place during the adaptation process of standardi­
zation. Standards that should be observed are, aside from CEN, the internatio­
nal IEC (International Electrotechnical Commission) and ISO (International 
Organization for Standardization) papers and the US NEMA (National Elec­
trical Manufacturer's Association) standards. 

Thus, the European DIN EN 60 893 standard "Specification for industrial 
rigid Iaminated sheets based on thermosetting resins for electrical purposes:' 
based on the international IEC 893 standard, replaces the DIN 7735 standard 
that was only valid in Germany. The type classifications (Table 6.56) in 
DIN EN 60893 specify the resin matrix with an abbreviation such as PF for 
phenolics (EP, UP, and Si arealso possible), and also indicate the carrier mate­
rial. Theserial numbers, such as 201 to 204, indicate changes or enhancement 
in the Ievels of properties or application scale, for example, a higher or lower 
value for the electrical or mechanical properties. Table 6.56 simultaneously 
lists data from the previous DIN 7735 standard. 

In principle, this corresponds to the classifications in NEMA publications 
(X, XX, or XXX with supplementary abbreviations such as "CP" for cold 
punching). Allstandards mentioned here and below also specify minimum 
required physical properties. 

The standard that applies to copper-clad, paper-based Iaminates is 
DIN EN 60249 (based on IEC 249), in which phenolic grades (1, 2, 6, 7, and 14) 
are classified according to electrical and economic criteria as weil as their 
flame resistance. If at all, such differences are only indirectly rendered in the 
NEMA classifications. Thus, the DIN EN standards may only be compared 
with the internationally accepted NEMA publications to a limited extent. An 
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Table 6.56. DIN EN 60893 molded laminates with comparison to DIN 7735 (cotton fabric, 
paper, glass) 

DIN EN 60893 type• Applications DIN 7735 type 

PF CC201 Mechanical ( coarse cloth), electrically poorer Hgw2082 
than 202 

PF CC202 Mechanically and electrically high quality Hgw2082.5 

PFCC203 Mechanical (fine cloth), small parts Hgw2083 

PFCC204 Mechanical and electrical, small parts Hgw2083.5 
as PF CC 203 

PF CP 201 Mechanically high quality, low use at normal 
humidity Hp 2061 

PF CP 202 High-voltage area, largely penetration resistant Hp 2061.5 

PFCP203 Mechanically and electrically high quality, also Hp 2061.6 
capable of purrehing 

PFCP 204 Electric and electronic uses, also at elevated Hp2063 
humidity 

PFCP'205 Like 204, but defined flame retardancy Hp2062.9 

PFCP 206 Good electrical properties at high humidity, Hp2062.8 
versions with purrehing capability also possible 

F CP 207 Similar to 201, but can be punched even at low (Hp 2061) 
temperatures 

PF CP 308 Similar to 206, but with defined flame retardancy (Hp 2063) 

PF GC201 High mechanical strength and good electrical Hgw2072 
properties at normal humidity, heat resistant 

• Abbreviations: PF = phenolic resin; CC = cotton cloth; CP = cellulose paper, GC = glass cloth. 

attempt at such a comparison is made in Table 6.57. Using a practical example 
(comparison of FR-2 and FR-3 with Cu-PF-CP), Table 6.54 has already shown 
that such comparisons are applicable in principle, particularly in the case of 
paper-based Iaminates. The standard that applies to tubes and profiles is 
DIN EN 61212. The classifications established there distinguish between the 
types of products (1-3, rods and tubes), resins (such as phenolic or epoxy), 
and the carrier material, that in the case of phenolics can represent cellulose 
paper, cotton, or glass fabric. The numbers of warp and woof threads in 
the fabric fall into the following rough categories: fine fabric has more than 
30 threads/cm, coarse fabric 18-30 threads/ cm, and very coarse fabricless than 
18 threads/ cm. 

Modifications in the quality and carrier material reflected in the minimum 
requirements are found in grades 21-23 and 41-43 respectively. 
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Table 6.57 Comparison of clad and unelad paper-based Iaminates in DIN EN 60893-3-4, 
DIN EN 60249-2 and NEMA Pub LI-1-1989 

DINEN DINEN NEMA Properties and end uses DIN 7735a 
60893-3-4 60249-2 Pub. No. of Iaminates (for comparison 

LI-1-1989 purposes) 

PF CP 202 XX Phenolic paper Iaminate with Hp 2061.5 
good mechanical properties 
and excellent insulation data, 
particularly suitable for oil-
submerged transformers 

PFCP201 X,XP Phenolic paper Iaminate with Hp 2061 

PFCP207 XPC 
good mechanical properties, 

n suitable as insulating material 
for low-voltage applications 

PFCP203 XX,XXP Phenolic paper Iaminate with Hp 2061.6 

PFCP204 XXX 
low water absorption, resistant 

n to changes in humidity, suit-
able for telecommunications 
technology 

PF CP 206 XXXP Resin-rich phenolic paper Hp 2062.8 
XXXPC Iaminate, particularly low 

water absorption, tropics 
resistant, for high-frequency 
requirements; can be cold 
punched and copper clad 
as a special version 

PF CP 205 -6 XXXP Flame resistant version of Hp 2062.9 
this grade, also in PF CP 204 
quality as a copper-clad 
version 

PF CP 308 -6 XXXPC High quality phenolic paper Hp 2063 
Iaminate, corresponds to 
PF CP 206, low dielectric 
losses, good corrosion 
resistance and cold punching 
capability 

-6 Flame resistant, copper-clad 
version of PF CP 206 grade, 
flame resistance meeting 
UL 94 in the HB version 

-7 FR2 UL 94 stage V1 or VO version 
ofPF CP 206 

-14 FR 1 Not electrically high quality, 
but UL 94 stage V1 and VO 

a DIN 7735 has been superseded by DIN EN 60 893 and 60 249. 
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6.1.4.5 
Raw Materials and lmpregnation 

Unfilled, unsized, practically electrolyte-free soda cellulose paper is used as a 
carrier material for paper Iaminates; bleached, highly porous cotton linter, a­
cellulose, or mixed papers are used for premium grades to achieve special 
insulating properties. Table 6.58 lists a selection of commercial impregnating 
resins. The comments in the "remarks" column note where certain differences 
in quality may be expected. 

Thus, special resins may be used for the cover sheets to achieve optimal 
electrical properties. For example, resins G and H in Table 6.58, which are pre­
pared as water resistant and flexible by use of special modifiers such as tung 
oil, are used as cover sheet resins for FR-2laminates. Products manufactured 
with such impregnating resins are matched to modern application technolo­
gies and offer application-related electricallaminate properties such as cold 
punching and cutting capabilities, solvent resistance, and dimensional stabil­
ity. Modification with epoxy resins can further improve the electrical pro­
perties of phenolic paper-based Iaminates as well as their dielectric pro­
perties, solvent resistance, and dimensional stability. Suchmaterials also ex­
hibit better tracking resistance than unmodified phenolic Iaminates. 

Less expensive resins (resin Kin Table 6.58) are basically adequate for un­
clad grades of laminate. On the other hand, specially modified resin solutions 
such as resin G in Table 6.58 have been found best for "potentiometer" grades 
of laminate with particularly good surface properties. In addition to their use 
in paper-based Iaminates, resins C and D are employed as Standard resins for 
fabric Iaminates. Xylenol-cresol resins (resin E in Table 6.58) are used to 
impregnate high-valtage resistant laminates. 

The resin solution used for impregnation is adjusted to the desired viscosi­
ty. In dip impregnation, metering may be accomplished using rollers. Aqueous, 
low molecular mass phenolic resoles (resin A in Table 6.58) are added to the 
solution to achieve hydrophobic properties of the laminate. Care must be 
taken that appropriate means are employed to keep the impregnating bath 
homogeneaus when fillers/solids are added, such as antimony trioxide as a 
flame retardant. The flame retardancy can also be regulated using melamine 
resins (resin Bin Table 6.58). 

A formulation such asthat in Table 6.59 is processed in the following man­
ner. The powdered melamine resin is dissolved in a mixture of water and 
methanol to yield a clear secondary impregnating resin solution that is only 
slightly warm. This solution is blended into the primary, modified impreg­
nating resin with stirring. The result is a clear to slightly opalescentfinal mix­
ture. The resin level in the paper is araund 56 o/o following impregnation. Pig­
ments such as titanium dioxide and fillers such as aluminum oxide trihydrate 
and magnesium hydroxide are used to provide additional flame retardancy. 

The impregnated carriermaterial then passes through a vertical or hori­
zontal drying stage. Drying and pre-condensation at temperatures of 100-
190 oc produce the required degree of resin flow and desired level of volatile 
components in the paper web. Depending on how they are dried, the lamina-
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Table 6.59. Formulation ofhalogen-free FR-2laminates 

160 
110 
80 

235 
1670 

PBWa 
PBW 
PBW 
PBW 
PBW 

a Parts by weight. 
b non volatile matter. 

Powdered melamine resin solids (resin Bin Table 6) 
Water 
Methanol 
Pre-impregnation resin, 70-72 o/o NVMb (aqueous resole) 
impregnation resin, 60 o/o NVM b, e. g. Res in K in Table 6 

tes exhibit a resin content that rang es between 30% and 50 o/o after drying, and 
can be as high as 60% in the case of particularly high-quality grades of paper 
laminate. 

A two-stage process of impregnation was used earlier in the manufacture 
of premium Iaminates. This involved pre-impregnation with 10-25% resin, 
depending on the requirements and additives, and a main impregnation step 
with 100- 110 o/o resin. However, this method has been displaced by a single­
stage process as indicated in the above example. The impregnated carrier 
material is finally cut to size and fed to a multi-stagepress where it is com­
pressed in stacks at pressure of 50-120 bar and programmed temperatures of 
100- 170 oc to yield laminate sheets. 

A special melt impregnation process was introduced [21] to permit solvent­
free impregnation in manufacture of FR-4 electricallaminates. This type of 
impregnation is expected to comply with new emission regulations, partic­
ularly in the USA. Highly pure, low-melting novolak systems exhibiting a low 
level (less than 0.2%) of free phenol are used as curing agents for the epoxy 
resins in this newly developed process. 

6.1.4.6 
Fabric Laminates 

Fabric laminates are molded Iaminates produced from resin and fabric either 
in the form of a semifinished material such as sheets, tubes, solid rods, or flat 
strips, or as molded articles. In DIN EN 60893 and DIN EN 61212, the various 
grades are classified according to the type of fabric used - for example cotton 
or glass fiber - by the delivery form, such as sheets or moldings, and by the 
stipulated property data. The quality of fabric Iaminates largely depends on 
the selection of raw materials, i.e., the types of fabric and the bin der. Phenolic 
resins have been adapted to meet the specific requirements. Fabric Iaminates 
manufactured with phenolics feature low density, simple working, high 
mechanical strength, and good electrical properties, and are established con­
struction materials in many fields of application. Various types of resins are 
used, such as resins C and D in Table 6.58, and differ with respect to their high­
valtage resistance. In principle, fabric Iaminates are manufactured as describ­
ed in the case of paper Iaminates by impregnation and subsequent compres­
sion/curing. 
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6.1.4.7 
Applications of Paper- and Fabric-Based Laminates 

Iudustrial fabric laminates are mainly used in areas where high levels of 
mechanical and thermal stress are encountered, for example, for production of 
bearing shells. When using fabric laminates, the designer must consider the 
fact that for structural reasons their properties depend on the direction of 
stress. In addition to the lower density of fabric laminates relative to that of 
metal, the relatively low coefficient of friction and the chemical resistance are 
of particular importance to the mechanical engineer. Additives such as gra­
phite or molybdenum sulfide produce a further reduction in the coefficient of 
friction of fabric laminates, and improve the "emergency running properties" 
-in particular in low-maintenance equipment. 

Phenolic fabric laminates are also outstanding mechanical engineering 
construction materials for many additional applications. They can generally 
be used wherever corrosion resistance, resistance to fats, oils, and many che­
micals, coupled with good thermal resistance and mechanicalload bearing 
ability are required. The relatively low density and low thermal conductivity 
compared to those of metallic materials represent a basic advantage in appli­
cations such as conveyer and running rollers, expander rollers, guide segments 
for rails and chains, pilot rods for hydraulic cylinders, spinning spools, mea­
suring and feeder rolls, gears, slip bearings, ball bearings, closure gates for con­
tainers used to ship aggressive media, and electroplating clamps. 

Phenolic bonded molded laminates, particularly paper-based laminates, 
are of advantage in situations where short runs of products aretobe produced 
and good electrical insulating ability is required. Thus, a favorite field of appli­
cation is in high-voltage technology; phenolic bonded semifinished goods are 
mainly used in switching gear with its couples and actuation rods, in through 
bearings, spacers, winding bodies, jacket tubes, spark-extinguishing cham­
bers, explosion chamber disks, partition walls, slip plates, screening cylinders, 
and many other applications. Based on sheer volume, however, base materials 
for printed circuits ( circuit boards) - as detailed above- represent the greatest 
percentage of industrial molded laminates. Continued development of printed 
circuits in such areas as epoxy binders and glass fabric has not displaced phe­
nolic bonded material completely. On the contrary, major areas in which they 
are used in large quantities for economic and product-specific reasons have 
developed on a worldwide basis (Figs. 6.63 and 6.64). 

6.1.4.8 
lndustrial Filter Inserts 

Filterelements of fibrous materials and unfilled papers or paper-type materi­
als such as webs - generally in the form of accordion folded tubes - are used 
to separate solids from liquids or gases and to remove water from fuels or 
mineral oils [ 1- 3]. Specific demands are made on the structure and porosity 
of the papers, corresponding to the throughput, resistance (lowest possible) 
and retentionpower (highest possible) associated with their use as filtration 
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media. Adequate strength is achieved by impregnation with alcoholic solu­
tions of phenolic resins and drying [4] . Epoxy resins arealso increasingly used 
for special applications. Epoxy resins can offer both certain ecological advan­
tages (lower emissions) and technological benefits (increased productivity, 
higher machine part efficacy). The advantages of phenolic resins are general­
ly tobe found in superior heat and aging resistance. 

The impregnated filters are used as air, oil, and fuel filters in the autornati­
ve industry [5, 6] -an area (Fig. 6.67) that consumes the major share of total 
production - or as hydraulic filters to clean hydraulic fluids, as general purpo­
se ftlters for liquids in various industrial fields, such as the chemical industry, 
and in general as dust ftlters or ftlters for air conditioners. 

The demands on the impregnating resin systems are quite diverse. Requi­
rements include the necessity to achieve optimal strength, retain a certain 
degree of flexibility or elasticity, provide freedom from odors, and offer resis­
tance to solvents, chemicals, and aggressive vapors and gases. Despite this, the 
permeability of the medium must not be adversely affected. Selected papers 
already exhibit special features designed to afford an optimal range of filter 
properties. These features relate to the selection of cellulose fibers and the type 
of processing on the papermaking machine. 

Even the type and origin of the wood from which the fibers are obtained is 
a consideration. Thus, papers with low throughput resistance are obtained 
from fast growing conifers. Care is also taken not to defibrillate excessively the 
fibers of cellulosic material. In addition, the water in the paper web is not 

Fig. 6.67. Selection of various automotive filters (source: Fibermark Gessner, GmbH & Co., 
Feldkirchen-Westerham, Germany) 



6.1 Permanent Bonding 253 

removed by pressure, but by evaporation. Various additives increase the wet 
strength; such papers are otherwise filler-free. It is desirable that they exhibit 
low throughput resistance. However, the retention power can be too low for oil 
and hydraulic filters. In such a case, somewhat more compact products are 
manufactured using increased defibrillation and by removing the water under 
pressure during papermak.ing. Such grades of paper exhibit increased filtra­
tion resistance, but also offer improved separating power. Papers ( webs) based 
on cotton and very short glass fibers can be used to achieve even better reten­
tion, but are generally somewhat higher in cost. 

The customary bleached cellulose fibers and cotton fibers for special filters, 
are generally 4-6 mm long and 10-30 f.J.m in thickness. Glass fibers, used for 
glass fiber webs, are 0.5- 2 flm thick. The raw paper is soft and absorbent, and 
is processed by impregnation. The resins {Table 6.60) are applied by dip 
impregnation which involves passing the substrate material through a solu­
tion of resin adjusted to afford the desired level of resin, followed by stage dry­
ing (but not yet curing) in an appropriate oven at temperatures rising from 
100 °C to 170 °C. In this process, care must be taken to ensure that the resin 
bath remains stable and at a constant temperaturein order to prevent varia­
tion in the level of resin deposited on the filtration medium. The pre-dried, 
resin impregnated papers offer the advantage that they become flexible in this 
condition when heated from ambient to 100 oc, may thus be easily shaped 
(pleated and napped) in the course of further finishing operations, and retain 
the assumed shape after cooling [7]. 

The drying process is thus controlled in such a manner that the paper con­
tains a maximum of 5-8 o/o volatile components. This provides the flexibility 
required for the finishing and curing operations. Depending on the type of 
substrate and the required application properties, the resin level in the filter 
material ranges between lOo/o and 30%, and can reach 50% in special cases. 

Table 6.60. Typical data on phenolic resin solutions in methanol used for impregnation of 
industrial filter papers 

Composition A• B c 
Modified hexa-free Modified hexa Modified 
phenolic novolak containing phenolic resole 

phenolic novolak 

Nonvolatiles ISO 8618 in% 61±2 65±2 63±2 

Viscosity at 20 oc 90-130 250-350 250-350 
ISO 12058 in mPa·s 

B-Time (gel time) at 130 oc 8-12 8-12 2-6 
ISO 8987 in min 

Free phenol ISO 8974 in% max.0.5 max.0.5 max.l.5 

Free formaldehyde ISO 9397 max.1 
in% 

• Cured by addition of 8 parts by weight (PBW) hexamethylene tetramine per 100 PBW resin 
solution). 
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Demands for low-monomer resins are met by using methanol solutions of 
novolaks (e.g., resin A in Table 6.60) with free phenollevels below 0.5%, or 
novolak solutions already containing hexa and similarly exhibiting free phe­
nollevels below 0.5% ( e. g., resin B in Table 6.60 ), both of which feature good 
aging resistance and high Ievels of hydrophobicity. Salutions of resoles ex­
hibiting low monomer Ievels (free phenol below 1.5 %, free formaldehyde 
below 1 %), e.g., resin C in Table 6.60, can also be used for impregnation of fil­
ter papers. Impregnation with either a novolak or a resole results in a filter 
paper exhibiting good mechanical strength in both the dry and wet state. The 
chemical resistance to fuels and lubricating oil is also good. 

Reduction of the monomer Ievels offers the following advantages: decreas­
ed odor Ievels during production, storage, and during preheating, reduced 
soiling during the finishing operations, diminished exhaust gas treatment bur­
den, and reduction of workplace emissions. Reduction of the monomer Ievels 
also achieves increased impregnation efficacy and allows interference-free 
solvent recovery. 

In many cases, combinations of phenolic novolak solutions and phenolic 
resoles have also been accepted in practice to improve strength levels further. 
This permits major or minor reduction in the addition level of hexa, having a 
desirable effect on the process emissions. 

The impregnated paper, after being cured in a subsequent processing step, 
also features low water absorption, high rigidity, a high level of strength, and 
lastly an improvement in the high temperature oxidation properties [ 8]. Fire 
retardant versions of the resins are available for some applications (for exam­
ple in connection with introduction of more compact engine compartments). 
Such properties may be achieved by the addition of special additives [ 9]. 

For the reasons mentioned above, it is advisable to preheat the paper before 
it is pleated and napped, the paperweb being best introduced into the pleating 
machine at a temperature of 60- 80 oc (Fig. 6.68). Heating to high er tempera­
tures can lead to undesirable adhesion effects during the finishing process. 
The pleating operation to produce accordion folded tubes (Fig. 6.69) affects 
the quality of the finished products to a very great extent. An uneven feed at 
the machine inlet or deformation of the paper can have a highly adverse effect 
on the separation efficiency and service life of the finished filter. 

After pleating, the papers may be cured in the form of a continuous web or 
finished filter elements. Curing is generally performed at 160-200 oc in a 
throughput oven. The cured papers can be bonded to produce filter elements 
using products such as PVC plastisols, polyurethane adhesives, or hot melts. 

6.1.4.9 
Miscellaneous lmpregnation Applications 

The desirable impregnating properties of phenolic resins ( resoles, novolaks, or 
mixtures of the two) dissolved in alcohol are of key technological significance 
for optimal saturation of paper and cotton fabric. In addition to applications 
such as electricallaminates, engineering Iaminates, industrial filters, and rein­
forcing fabric for abrasive wheels that have been previously noted and describ-
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Fig. 6.68. Preheating of filter paper (drawing: Fibermark Gessner, 
GmbH & Co., Feldkirchen-Westerham, Germany) 
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Fig. 6.69. Accordion folded tubes (source: Fibermark Gessner, GmbH & Co., Feldkirchen­
Westerham, Germany) 
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ed, several other uses exist and will be briefly described below. These include 
impregnation of paper for storage battery separators, production of paper, 
plastic, or metal honeycomb, gaskets for various industrial applications, filter 
fabric for aluminum melts, paper friction linings for segment clutches, and 
fishing rod prepregs. Impregnation of many different woven fabric systems is 
discussed in the High Performance and Advanced Composites section 6.1.5. 

Separators [ 1-5] are used in lead -acid storage batteries to prevent direct 
contact of the oppositely charged lead plates. These electrically insulating 
paper separators, which exhibit high resistance to acids and oxidation as well 
as adequate mechanical strength, have been manufactured using phenolic 
resin impregnated cellulose paper for a long time. The separator is provided 
with numerous ribs on one side. The special paper is impregnated with an 
aqueous phenolic resin solution containing added surfactants, dried at elevat­
ed temperatures, and finally cured. Separatorsmade with synthetic fibers such 
as polyacrylonitrile have also been used; the smaller pore diameter of these 
separators rendering them impermeable to components such as loose lead 
oxide particles or antimony. In recent years, the use of phenolic resin impreg­
nated battery separators has greatly declined (particularly in the autornative 
sector) due to the use of modern storage batteries based on various plastics 
designs. 

The long-familiar paper honeycomb and honeycomb structures also repre­
sent a field for use of phenolic resins as impregnating/dipping agents [6, 7]. 
Aramid and special cellulose-based fibers are presently the main materials 
used for production of honeycomb. The honeycomb is generally manufactur­
ed using the expansion process. In this method, an adhesive is first applied to 
the basic honeycomb material by printing the lines of adhesive being applied 
at right angles to the direction of product expansion. The size of the honey­
comb cells can be controlled by variation of the width of the adhesive lines and 
the distance between these. The web ofbase material is then folded into sheets, 
which are stacked using a specific geometry. 

The length of the sheets determines the width of the subsequent honey­
comb block, whereas the number of sheets in the stack determines the length 
of the expanded block. A massive stacked block containing thousands of 
sheets is thus assembled. This block is cured in a heated press at elevated tem­
perature and pressure, and after curing is pulled apart (expanded). After the 
blocks have been expanded they are dipped in modified phenolic resins. This 
provides the honeycomb with its final mechanical properties and bulk densi­
ty. The mechanical properties of the material are adjusted by variation of the 
ratio of fiber to resin, for example from 25: 50 to 50:50. Such honeycomb 
(Fig. 6.70) is presently in wide use, mainly for panels and construction ele­
ments in aircraft, automotive, and rail vehicle construction (Fig. 6.71). 

Initially, such honeycomb and the composites produced with it were main­
ly used in high-tech products such as the flooring and interior paneling of 
aircraft; today, even passenger and freight train cars, where lightweight con­
struction products can greatly reduce the axle load, represent areas of appli­
cation. Since the cellulose fiber honeycomb can be provided with fire retardant 
topcoats for such applications, it is possible to produce economical, ready-to-
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Fig. 6.70. Paper honeycomb for composites (photo: Euro-Composites GmbH, Echternach, 
Luxembourg) 

Fig. 6.71. Various cellulose-phenolic resin-based honeycombs (photo: Euro-Composites 
GmbH, Echternach, Luxembourg) 
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instaU construction elements for interior furnishings. Sliding doors up to 15m 
in length for subway and freight train cars represent possible applications. In 
shipbuilding, particular attention is paid to effective fire protection. The 
panels used in this case can be provided with a surface skin of flame retardant 
material, enabling them to reach critical fire protection dass es. 

In the automotive industry, friction pads and braking straps (Fig. 6.72) are 
used in a wide variety of automatic transmissions [8, 9]. They arealso used in 
applications such as power shift transmissions, ship winch transmissions, and 
motorcycle clutches. The lining materials are special types of paper impreg­
nated with solutions of specific phenolic resins that permit adhesion to metal 
and provide parameters required for friction lining compounds. Special phe­
nolic resins, which are modified with other resin systems such as epoxies and 
amino resins to enhance their range of properties, have been developed for 
impregnation of such papers. 

An unusual impregnation application is production of impregnated fiber­
glass fabric for manufacture of filters for the foundry industry (for example to 
filter aluminum melts). Such impregnated fabric is generally produced on 
automatic equipment, which in one operation produces the woven fabric from 
the fiber, passes the fabric into an impregnating bath containing an aqueous 
phenolic resole with the lowest possible Ievel of monomers, dries it briefly, and 
finally eures it in stages at temperatures ranging from 120 oc to 300 °C. 

Although prepregs based on long-fiber glass fabric are generally produced 
using polyester and epoxy resins, phenolic resins have increased in im­
portance due to their outstanding properties, particularly with respect to their 
flame resistance, low smoke development, and low cost. They exhibit excellent 

Fig. 6.72. Friction elements 
for use in shifting clutches 
for automatic transmissions 
(photo: Borg Warner Auto­
motive Europe) 
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resistance to deformation when hot. In addition, they are less flammable 
than other synthetic resins ( cf. High Performance and Advanced Composites 
section). 

One of the oldest fields of application for phenolic resin-glass fabric pre­
pregs is production of fishing rods. Special resins modified with special plasti­
cizers are used in this case [ 10, 11]. 

6.1.5 
High Performance and Advanced Composites 

6.1.5.1 
lntroduction 

Highperformance and advanced composite materials are fiber reinforced pro­
ducts that trace their origin to the early 1940s when, during the war years, 
lightweight materials with improved structural properties were desired. 

The combination of glass fiber with a thermoset resin matrixwas instru­
mental in launehing a huge composites industry which today represents 
annual worldwide market of nearly 47 million tonnes. With an annual growth 
rate of 2- 4 %, fiber reinforced plastics are utilized in a wide spectrum of appli­
cation areas ranging from transportation (Fig. 6.73), construction, marine, 
corrosion resistant equipment (Fig. 6.74), electrical apparatus, and aircraft to 
consumer/sports products [1]. 

Fig. 6.73. Highspeedtrain (Transrapid, Germany) 
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Fig. 6.74. Composite pipe 

During the intervening years the use of new and improved fibers, tailored 
interfaces, high performance modified matrix resins, and new fabrication pro­
cesses has led to the development of many highly unique and complex advan­
ced composite systems. 

Phenolic resins are used as matrix resins in the various composite market 
segments depending on the end use applications. The main focus of this chap­
ter will consider the utility of phenolic resins in high performance and ad­
vanced composite market segments. As it will be discussed in the ensuing 
sections, a combination of attractive Fire/Smoke/Toxicity (F/S/T) character­
istics, reasonably priced resin, and ernerging market driven applications have 
been the motivating factors for the resurgence of interest in phenolic resins for 
fiber reinforced plastics. 

6.1.5.2 
Composite Market Segments 

The composite industry may be arbitrarily structured in the following market 
segments: commodity, high performance, and advanced composites. 

The commodity market segment, as the name implies, represents the gen­
eral purpose, relatively cost competitive sector of the composites market 
where price of raw materials is the dominant factor. Phenolics participate in 
this market segment as molding materials (see Sect 6.1.3) as well in hand 
lay-up applications. 



6.1 Permanent Bonding 261 

Fig. 6.75. Military composite unit 

The high performance composites area combines newly developed proces­
ses with desirable product features to serve specific market areas. Either pul­
trusion or filament winding of glass fiber with phenolic resin matrix can be 
used to achieve novel Fire/Smoke/Toxicity (F/S/T) composites for oilfield 
applications (pipe, platform decking) or construction use in confined areas or 
bridges. 

Advanced composite systems consist of superior performance materials 
composed of intermediate to high T g matrix resins and high strength fiber 
(mainly carbon fiber but also glass and aramid) for critical applications. The 
carbonization and char forming characteristics of phenolics by controlled 
pyrolysis (see Sect. 6.4) are utilized in the manufacture of ablation products 
such as rocket nozzles, C-C brakes and C-C composites. These expensive 
materials reside mainly in aerospace, military (Fig. 6.75), and commercial air­
craft. 

Phenolic resins exhibit excellent dimensional stability with a constant use 
temperature range of 180- 200 °C, excellent chemical, moisture, and heat re­
sistance, and favorable F/S/T behavior. The predominant consideration in the 
use of phenolic resins as matrix resin in fiber reinforced composites is their 
unique F/S/T characteristics. Comparison studies of fiber reinforced thermo­
seHing resin matrix systems have shown that phenolic resins are far superior 
to epoxy, vinyl ester, or polyester resins under fire conditions (Table 6.61). 
These fire conditions relate to ignitability and heat release, smoke/toxicity, and 
fire resistance. The propensity of phenolic resins to exhibit delayed ignitability 
coupled to low heat release, low smoke evolution with little or no toxic gases 
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Table 6.61. Comparison of 
Plastic Smoke Density (Dn) the smoke density of several 

plastics observed during a 
Smoldering fire Fire fire ( see Table 6.62) 

Phenolic resin 2 16 
Epoxyresin 130-205 480-515 
Vinyl ester resin 39 530 
Polyvinyl chloride 144 364 

emitted, and the capability to provide significant strength retention (to 70%) 
at 300 oc over a time period of 1-2 h is remarkable for an organic polymerk 
material. Such a material exhibits exceptional fire resistance and when incor­
porated into a fiber reinforced composition is used in demanding critical 
applications where safety of passengers during egress in case of fire is of 
paramount importance. Within the last two decades, the evaluation of many 
tests under fire conditions corroborates the superiority of phenolic resins 
(Table 6.62). 

These fire testing data have been effective in facilitating major changes in 
the selection of phenolic resin reinforced fiber systems for aircraft interiors 
(Fig. 6.76), mass transportation, and marine/offshore areas. Controlled pyro­
lysis of carbon fiber/phenolic prepregs into carbon-carbon composites has for 
several decades been the manufacturing procedure for transforming these 
phenolic carbon fiber prepregs into ablation products such as rocket motor 
cases and rocket nozzles, and more recently into carbon-carbon brakes for 
military and commercial aircraft [1]. The controlled pyrolysis and char insu­
lating characteristics, combined with chemical resistance and strength reten-

Table 6.62. Fire/smoke values of phenolic laminates• 

Test 

Tunneltest 
(ASTM E-84) 

osu 

Surface flammability 
(ASTM E-162) 

Smoke density 
(ASTM E-662) 

Cone calorimeter 
(ASTM El345) 

Oxygen index 
(ASTM D-2863) 

Values 

Flame spread 

5 (unpainted) 
20 (painted) 

Total heat release 
Peak heat release 

Flame spread index 

Flaming 
Optical density (DM) 23 

Rate of heat release 
Effective heat of combustion 

Ignitability 

a BP Chemieals data, 3 mm thick 35% glass hand lay-up. 

Smoke density 

5 (unpainted) 
10 (painted) 

26 kW/min/m2 

40 kW/m2 

I, =2.8 

Non-flaming 
7 

30kW/m2 

22.3 MJ/kg 

>55% 
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Fig.6.76. Aircraft interior (Airbus) 

tion, are the motivating factors for the use of phenolic/reinforced fiber systems 
in oilfield applications. This area is of particular interest in an ernerging mar­
ket utilizing filament winding technology and pultrusion for pipes/tube in­
serts for oilfield use as well as secondary and tertiary structures on existing 
and new offshore installations [2, 3]. 

6.1.5.3 
Fiber Reinforced Plastics 

Prior to considering different processes that are used to make FRP materials, 
several new developments have occurred in phenolic resins, particularly 
those to be employed for FRP, as well as new developments in fibers. 

6.1.5.4 
Phenolic Resin Developments 

The preferred phenolic resin for FRP is resole resin with the trend toward 
water-based phenolic resin rather than a solvent composition. Recent new 
developments consist of improved toughness/ductility provided by the intro­
duction of an elastomeric phase [4] or silicon segment [5-7] in the resole 
microstructure. 

Most resoles are low in free formaldehyde but have high amounts of free 
phenol (> 5%). A recently introduced water-based resole which is environ-



264 6 Economic Significance, Survey of Applications, and Six Bonding Functions 

mentally and user friendly [8] possessing low formaldehyde (0.7%) and low 
free phenol (0.7%) is being promoted in many FRP applications. 

A product known as "Dryprepreg" that is based on powder fusion of phe­
nolic resin into woven fabric (carbon fiber, glass, aramid) is expected to pro­
vide economic advantages over existing phenolic prepregs [9]. Dryprepreg 
requires no refrigeration, can be stored at room temperatures (- 25 °C), and 
maintains processability for six months. 

Appending a group such as cyanate or forming a new ring structure like 
oxazine (see chapter on Chemistry, Reactions, Mechanisms Chapter 2) is 
equally beneficial since it minimizes the adverse effect of water by-product 
that is generated during crosslinking of typical phenolic resins and reduces 
void content. Phenolics modified with either cyanate or oxazine continue to 
exhibit favorable F/S/T behavior of the resulting cured product. Many FRP 
systems based on either of these modified phenolics have been reported, and 
the reader is urged to examine references contained in chapter on Chemistry, 
Reactions, Mechanisms. 

6.1.5.5 
Fiber Developments 

In some processes such as filament winding or pultrusion, a key issue related 
to poor interfacial adhesion between fiber and resin was identified. This pro­
blern was resolved by several glass fiber manufacturers who developed special 
glasses for use in conjunction with phenolic resins [10]. Glass/phenolic com­
posites with favorable interlaminar adhesion between fiber and matrix are 
obtained in filament winding and pultrusion processes using these special 
glasses. Arecent report by Clark Schwebe! Co., Anderson, SC [11] describes 
enhanced surface chemistry of woven glass fiber/phenolic resin composites 
resulting in increased laminate mechanical properties. The authors attribute 
the maximum amount of strength and performance of the glass phenolic 
composite to the optimum design of the interface between matrix and fiber 
surface. 

6.1.5.6 
Composite Fabrication Processes 

Most composite processes are suited for phenolic resins. Phenolic resins can 
be combined with a variety of fibers such as glass, aramid, carbon fiber, or 
ultra high molecular weight polyethylene (UHMWPE) and transformed und er 
appropriate processing conditions into various intermediate and/or final pro­
duct forms. Various processes can be used and include impregnation (prepreg, 
honeycomb ), filament winding, pultrusion, SMC, RTM, and hand lay up. 

Resin properties and process characteristics for each of these different pro­
cesses are listed in Table 6.63. 
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Table 6.63. Resoie resin properties required for various fabrication methods 

Process Viscosity Cure Temp/°C Thioxotropy o/o Filler Fiber size o/o Fiber 
(mPa· s) (wgt.) 

Prepreg 1000-25,000 100-150 No -0- 50-70 

Ballistics 2000-6000 100-150 No -0- 80-85 

Honeycomb 200-1000 100-150 No -0- 30-60 a 

Filament 600-2000 RT-150b No -0- Special 40-70 
winding glass 

Pultrusion 400-2000 100-150 No Up to 20 Special 60-80 
glass 

SMC 200-2500 150 Possibly 25-50 25-50 

RTM 600-1000 RT-150 Possibly -0- 40-60 

Handlay-up 400-800 RT Yes Low 20-40 

a Paper also. 
b Heated mandrei below 100 oc, postcure at 150 °C. 

6.1.5.6.1 
lmpregnation 

Prepreg 

The impregnation of a woven, non-woven, or unidirectional fiber with resole 
results in an intermediate impregnated or "prepreg" fiber/resin system. The 
process involves conducting the fiber component through a bath containing 
resole resin (water- or solvent-based) and into a heated tower to remove sol­
vent/water and "B stage" the resin to the intermediate phenolic prepreg. The 
prepreg can be tacky or dry depending on resin and treater conditions. Pre­
pregs contain about 30- 50 wt% resin and must be stored at low temperature 
due to the advancement of resole at room temperature. 

Properties of resole resins used in the preparation of glass or carbon 
fiber prepregs are contained in Table 6.64 [12]. Manufacturers of phenol­
ic resin prepregs are Hexcel, Cytec-Fiberite, Culver City Composites, and 
Stesalit. 

Use of phenolic resin prepreg based on glass or carbon fiber as face sheets 
attached to honeycomb core is discussed in the honeycomb core section. 

Table 6.64. Phenolic resins for prepregs [12] 

Res in A B c D 

Viscosity at 25 oc (mPa · s) 2000-3000 600-1000 1000-2000 10,000-20,000 

Solids o/o 64-68 62-64 60-64 74-78 

B-time at 130 oc (min) 11-15 6-8 8-12 7-11 
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Cargo Liner 

Single or multi-ply phenolic glass prepregs can be combined with polyvinylflu­
oride (Tedlar) decorative film and cured into a monolithic composition which 
is installed as a liner in the cargo hold of commercial aircraft (Fig. 6.77). These 
cargo liners are based on modified phenolic resin and S-glass or aramid. These 
Iiners must possess a modest amount of impact or darnage tolerance to mini­
mize potential puncture when luggage is loaded and stored in the cargo area. 

Testing of cargo liners [1] involves panels (ceiling and sidewall configura­
tion) surviving a 5 min oil burner test with no burn through and a back side 
temperature of less than 204 °C. 

The test consists of an 81/h oil burner impinging directly on the ceiling and 
indirectly on the sidewall panel. The burner is maintained at 927 °C with a 
9 watts/cm2 heat flux. 

Besides flame containment, additional cargo liner characteristics include 
low weight, abrasion resistance, resistance to fasten er pullout, ease of cleaning, 
and darnage tolerance. The latter is not only important in service life but also 
for safety. Punctured or ruptured cargo liners are not very efficient flame 
barriers. Special impact tests are also mandated by aircraft manufacturers 
(Boeing, Airbus). Cargo liner manufacturers are M.G. Gill, Pioneer Plastics, 
Cytec-Fiberite, and Permali. 

Ballistics 

Ballistic components are relatively low resin matrix containing (less than 20% 
resin) composites which rely on the strength/modulus characteristics of the 
fiber for ballistic performance. Highperformance composites for ballistic appli­
cations are prepared by combining woven fabric of aramid, S-glass, or UHMW­
PE with phenolic or modified phenolic resins. Usually, polyvinyl butyral is the 

Fig.6.77. Cargo Iiner (source: Permali) 



Table 6.65. Phenolic resirr for 
ballistic applications [12] Viscosity at 25 oc (mPa · s) 

Solids% 
Shelf life at 20 oc, months 
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3000-6000 
20-24 

2 

component in the modified phenolic resin. Key application areas consist of per­
sonal protection (helmets), land vehicles, military aircraft, and shipboard use. 

Physical properties of phenolic resin for ballistics are presented in 
Table 6.65 [12]. 

The röle of the phenolic resin in the ballistic component based on aramid 
or UHMWPE is primarily that of a marginal hinder which easily fractures/de­
laminates on projectile impact and allows projectile energy to be absorbed 
by the high strength/modulus fiber. A different mechanism of ballistic per­
formance occurs in S-glass/phenolic system and is related to composite 
compressive strength [1]. Manufacturers of ballistic components are Sioux 
Manufacturing, Devils Lake, ND, Owens Corning, Gentex, Carbondale, PA, 
Lewcott, Milbury, MA, Isola, Düren, Germany. 

Carbon-Carbon Composites 1 

Phenolic prepregs consisting of carbon fibers and phenolic resin are 
thermally transformed and densified into carbon carbon composites ( CC 
composites) see Sect. 6.4.3.2. The carbon fiber/phenolic prepreg is cured, 
carbonized (500 -1000 oq by heat/pressure, and densified by chemical vapor 
deposition ( CVD) or chemical vapor infiltration ( CVI). A key stagein the pro­
cessing of these materials is the initial carbonization when the precursor is 
converted to a porous carbon fiber matrix system. The CC composite differs 
from a conventional composite due to the presence of two phases of carbon: 
carbon fiber reinforeerneut and a carbonaceous matrix. Carbon-carbon 
composites are used in high strength, low density, and high modulus applica­
tions where high temperature strength and high strength to weight ratio is 
important. 

They are capable of being cycled from sub-zero to temperatures as high as 
2200 oc, are lightweight ( only half the weight of aluminum), and exhibit low 
creep at high temperatures. Temperature extremes are important for ablative 
use such as nose cone and rocket nozzles. On dispatch or re-entry of the 
Space Shuttle, the nose cone and leading edges of the Shuttle endure hot gases 
rushing through the nozzle/cone at high velocity, stressing and eroding 
nozzle walls. Carbon-carbon composites can resist high temperature erosion 
and abrasion without burning away. 

Early evaluation of the frictional characteristics of CC composites by 
dynamometer measurements identified low wear rates, satisfactory frictional 
coefficients, and high dimensional and thermal stability. These observations 

1 Carbon carbon composites (CC composites) and CFC terms are used interchangeably 
whereby CFC signifies carbon fiber bound by carbon. 
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Fig.6.78. Carbon carbon 
composite brakes 

suggested wide use in aircraft and vehicle braking systems [ 13]. More than 
80% of CC composites are used in commercial (Fig. 6.78) and military 
aircraft brakes. There are significant advantages associated with CC brakes. 
Although they may cost two to three times as much as comparably sized steel 
brakes, they weigh 40-50% less, remain in service longer, and handle aborted 
takeoffs better. Carbon carbon brakes for high speed trains and high perfor­
mance automobiles, and possible use for transmission components are also 
under consideration. Carbon-carbon aircraft brake manufacturers are B.F. 
Goodrich, Allied Signal, Messier-Bugatti/SEP/Carbone, Dunlop Aerospace, 
and Aircraft Braking Systems Corp. 

Honeycomb Core Sandwich Construction 

Besides woven or unidirectional fabric, non-woven materials (including paper) 
can be impregnated with phenolic resin. The most attractive use of phenolic non­
woven aramid fiber compositions is as honeycomb core (see also Sect. 6.1.4.5). 
The concept of sandwich construction evolved due to demands for greater 
weight reduction in military aircraft during the Second World War. It consisted 
of utilizing a high shear strength honeycomb core Iaminated with top and 
bottom high tensile/compressive strength face sheets into the proposed sand­
wich construction. Pioneering efforts by the Hexcel Corp. in the 1940s resulted in 
the commercialization of honeycomb core. A wide array of core materials is used, 
including paper, glass, aramid, carbon fiber, and aluminum. (Fig 6.79). 
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Fig.6.79. Honeycomb process 
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The node adhesive and densification resin are mainly phenolic resins. 
Either solvent- or water-based phenolic resins are used in the manufacture of 
honeycomb [ 12]. The expansion process is the preferred process for honey­
comb manufacture. 

The printing of the node adhesive fixes the cell size of the honeycomb. After 
mechanical expansion, it is submerged into phenolic resin until the desired 
core density is obtained. 

By utilizing epoxy/glass or epoxy/carbon fiber prepreg face sheets on ara­
mid honeycomb, the sandwich construction provides the highest strength to 
weight and stiffness to weight ratios of any configuration [14]. Thus, the first 
applications for honeycomb composites (sandwiches) were for both fixed and 
rotary wing aircraft, followed rapidly by jet aircraft. Combining glass or car-
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bon fiber phenolic prepregs as faee sheets onto honeyeomb eore results in 
sandwich eonstruetion (Fig. 6.80) for use in aireraft flooring panels, storage 
bins, eeilings, galleys, lavatories, and aireraft interior panels. Bonding of phe­
nolie faee sheets requires a film adhesive which was not required with an 
epoxy face sheet. 

In the late 1980s, Bakelite AG developed a system that eombined epoxy resin 
euring with phenolie resin eondensation [15]. The objeetive was to eombine 
the toughness of epoxies with the FST eharaeteristies of phenolies into a eo­
eured system suitable for fiber eomposite struetures with high strength to 
weight ratio and meehanieal/thermal stability. The patented teehnology in­
volved a single step eombining epoxy prepreg with phenolie prepreg to the 
eured laminate. A judicious matehing of polymerization rates and resin viseo­
sity eurves of the two different euring proeesses led to the eo-eured eomposi­
tion [ 15]. Thus the toughness and the high peel strength of the epoxy segment 
eombined with the favorable FST features of the phenolic eomponent resulted 
in an attraetive laminate facing for honeyeomb panels. The novel eo-eured 
system with high peel strength eliminated the use of a film adhesive. Sinee 
mid-1994 these eo-eured panels have been installed as flooring panels in the 
Airbus 340. 

Modification of phenolic mierostrueture for fiber reinforeed eomposites 
ean oeeur during resin manufaeture or by prepreg manufaeture. The eon­
trolled co-eure epoxy/phenolic conditions were extended by introducing 
other resin phases into the phenolie microstrueture phase [ 4]. These studies 
led to a unique phenolic/elastomerie eomposition known as PLB (Bakelite 
AG designation). PLB is a recent discovery. The type and method of intro-
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duction of selected resin phases is important for enhanced improvement in 
mechanical properties of the resulting modified phenolic resin. Preliminary 
evaluation of the newly developed PLB resins has been conducted in select­
ed aircraft interior applications. Laminate properties of PLB-14 such as 
flexural strength and interlaminar shear strength (Table 6.66, entries 1 and 
2) compare quite favorably with similar properties of flame retardant epoxy 
resin and co-cured epoxy/phenolic systems. Peel strength of facings on 
aluminum honeycomb also compare favorably (Table 6.66, entry 3). PLB-14 
exhibited 405 Newtons peel strength vs 400-410 Newtons for the epoxy 
systems. 

The PLB-14 phenolic resin exhibits mechanical, shear, and peel strengths 
comparable to the other epoxy-containing systems. Yet there is no epoxy 
phase in PLB. Two different PLB phenolic resins (PLB-14 and PLB-15) with 
structurally different resin phases added to the phenolic phase were eva­
luated for flammability characteristics (Table 6.67). Resins PLB-14 and 
PLB-15 are examples of different resin phases introduced into phenolic 
microstructure under similar reaction conditions. The flammability results 
demonstrate that the resin phase of PLB-15 is superior to that of PLB-14, 
but both compositions are below the values of typical phenolic resin as 
well as the low flammability standards for aircraft interior use. Thus the 
PLB phenolic resin system exhibits similar mechanical strength character­
istics as epoxy resins combined with outstanding FST features. These com­
bined high performance mechanical and FST characteristics are expected 
to result in new and expanded opportunities for these newly developed 
PLB resins. 

Table 6.66. Comparison of mechanical strength of PLB with epoxy containing resins 

Properties Epoxyresin Epoxy/phenol resirr 
Flame retardant Co-curing system 

Flexural strength (MPa) 540 562 
ILSS (MPa) 48 45 
Peel strength (N) 400 410 

Table 6.67. Flammability behavior of PLB phenolic resins 

Phenolic resirr systems osua NBSb 

Phenolic control 61/30 2.0 

PLB-14 46.7/27.0 1.0 

PLB-15 27.3/19.3 1.0 

a Heat release KW.min/m2; kw/m2 MAXIMUM 65/65. 
b Smoke density flaming mode at 4 min MAXIMUM 200. 
c FAR 25.853 (a) burn length (mm) MAXIMUM 152. 

PLB phenolic 
Resirr (PLB-14) 

551 
43 

405 

FAR' 

102 
90 
77 
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Besides military and commercial aircraft applications, these honeycomb 
composites are used in marine, mass transportation, automotive, and sporting 
goods. Honeycomb manufacturers are Hexcel, EuroComposites, Plascore, and 
Aerocell. 

6. 1.5.6.2 
Filament Winding 

In the early 1960s the technique of filament winding was utilized to fabricate 
strong, lightweight pressure vessels for rocket motor cases and other high per­
formance components for military and aerospace applications [ 16]. During 
the intervening years from the 1960s to the 1990s a significant shift from the 
military sector to the commercial area has occurred where now filamentwind­
ing enjoys a dominant position in the manufacture of pressure vessels for 
compressed and liquefied natural gas containers, automotive drive shafts, 
couplings and bearings for mechanical power transmission, sports equipment 
such as golf shafts, tennis rackets, corrosion resistant tanks, ducts, and pipes 
[ 1]. The latter area is of particular interest in an ernerging market for 
pipes/tube inserts for oilfield use as well as secondary and tertiary structures 
on existing and new offshore installations. These include sea water piping 
systems, gratings, handrails, ladders, and vessels and tanks where chemical 
resistance and F/S/T characteristics are desired [ 17]. 

Filament Winding (FW) (Figs. 6.81 and 6.82) involves the high speed pre­
cise laydown of continuous reinforeerneut in predescribed patterns of resin 
preimpregnated filament or tow on a rotating mandrel. Either wet winding or 
dry winding (partially cured matrix system) is carried out on the mandrel. 
Towpreg is used in dry winding. All fibers such as glass, aramid, and carbon 
fiber can be used in the FW operation - E-glass for economics and aramid or 
carbon fiber for special!advanced composites systems. 

When the winding process is completed, the whole flXture is cured in an 
oven to yield the product with desired mechanical properties and structural 
integrity. The mandrei is removed from the cured part. 

Fig.6.81. Filament winding schematic 

.-- ---­
____ ___ ___ _ _ 1 
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Fig.6.82. Filament winding machine, Composite Machines Company, Salt Lake City, UT 

Table 6.68. Filament winding 
phenolic resin [12] So Iids 

Viscosity (20 °C) (mPa · s) 
Free phenol o/o 
Free formaldehyde o/o 
Gel time (130°C) 

72± 1.0 
400± 140 
<4.5 
<0.6 
15min 

A recently developed low viscosity phenolic rein (Table 6.68) with low 
free phenol ( < 4.5 o/o) and low free formaldehyde can be formulated into novel 
resin systems which are readily transformed into attractive filament wound 
tubes [8, 9]. 

Curing conditions of filament wound phenolic systems require 1 hat tem­
peratures below 90 oc followed by post eure ( at 150-200 °C) for 1 h for high 
T g values of 255-260 °C and significantly higher than standard epoxy or 
special high T g multifunctional epoxy resins. 

The use of composite materials has been steadily increasing in the offshore 
oil and gas industry (Fig. 6.83). The use of filament wound sea water piping 
systems and related vessels and tanks is expected to grow substantially due to 
the fire-worthiness of the phenolic FW systems. Filament wound pipe with 
phenolic/glass composition is being developed by Rice Engineering, Ameron, 
and Hunting (UK). 

The recent disclosure by Folker and Friedrich of Ameron [ 5, 6] of high per­
formance filament wound pipe based on a polysiloxane modified phenolic 
system describes composite pipe with improved impact resistance, higher 
hoop stress values, and improved weathering resistance (Fig. 6.84). 
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Fig.6.83. Composite pipe, 
oil and gas industry 

Polysiloxane modified phenolic resin system is filament wound into fire 
resistant pipe for delivering water to fight fires aboard offshore oil platforms 
[18]. Thesesystems will replace steel pipes in wet and dry deluge systems on 
offshore oil platforms and on board ships that are subject to intense heat. Key 
performance features are low smoke emissions, low toxicity, and high heat 
resistance. One filament wound pipe composition meets International Mari­
time Organization (IMO) Level3 test which requires the piping system be fil­
led with water and subjected to heat flux of 113 kw/m2 and temperature in 
excess of 980 °C for 30 min. Another pipe product meets jet fire test require­
ments according to UK Offshore Operators Association (UKOOA) guidelines 
for offshore use. The jet fire test replicates blowout conditions on an offshore 
oil platform by exposure of pipe to propane jet flame at ab out 1000 °C and heat 
flux above 300 kw/m2• For jet fire certification the entire pipe composition 
(pipe,joints, adhesives, etc.) must withstand 5 min of exposure in dry state fol­
lowed by 15 min of exposure filled with flowing waterat 10 bar pressure. The 
resulting all-composite piping system is lighter, non-corrosive, and more tem­
perature resistant than stainless steel, and exhibits less heat transfer through­
out the pipe wall. 
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Fig.6.84. Modified phenolic system for offshore pipe 

6.1.5.6.3 
Pultrusion 

(Source: Ameron International) 

(Source: Ameron International) 

Pultrusion is a method that produces continuous sections of unidirectionally 
reinforced composites. Continuous fibers are "pulled" through a resin bath 
and then through a series of wiper rings to remove excess resin. Once in the 
die, material is heated, resulting in gelation and eure of the resin. Upon exiting 
the die, the composite is sufficiently rigid and strong tobe pulled mechanical­
ly to a cutter which cuts the part to the prescribed length (Fig. 6.85). 

Pultrusion is the fastest growing segment of the fiber reinforced composi­
tes industry and provides primarily thick walled structural components for 
marine, power transmission, civil engineering, and high-rise construction 
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projects. Pultrusion technology has made rapid progress that not only makes 
composites price competitive with traditional materials like metal and 
concrete but also actually makes them less expensive to manufacture and 
assemble [ 19]. 

Worldwide volume of pultruded composites was over 150,000 tonnes in 
1996. Pultrusion is becoming more sophisticated whereby parts are classified 
as commodity (tool handles, ladders, etc.), structural composite (civil 
engineering structures, structural beams, etc.), and even advanced composites 
(carbon fiber components for aircraft, C-C composites, and others). Most 
pultruded parts consist of polyester/glass with some vinyl ester/glass and 
small amounts of epoxy/glass (Fig. 6.86). 

Strongwell (Bristol, VA) commercialized a glass/phenolic deck grating com­
position by pultrusion [3] (Fig. 6.87). It is durable, Ioad bearing fiberglass 
grating for offshore oil and gas drilling/production platforms. The phenol­
ic/glass pultruded product is 33% the weight of steel and exhibits enhanced 

Fig.6.86. Pultrusion operation, Strongwell Bristol, Va. 
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Fig.6.87. Phenolic/glass pultruded deck grating 
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flame resistance, corrosion resistance, and safety properties. The Strongwell 
product was subjected to a 60 min fire test at temperatures exceeding 930 oc_ 
Gratings with 120 cm span retained their structural integrity after 60 min 
exposure to these temperatures. The integrity of the grating is maintained 
without failure even after applying a 91 kg static Ioad to the cooled grating. 
Measured thermal conductivity was extremely low with a 12% heat conduc­
ting rate. These favorable property characteristics suggest that the phenolic/ 
glass composition can be used as walkways, platforms, and decking for tunnels/ 
mass transit, aircraft, industrial!processing plants, public buildings, automotive, 
and marine areas. 

A phenolic resin system which is "environmentally and user friendly" for 
pultrusion was recently reported [20]. Physical properties of the resin, 
PL 2499, are contained in Table 6.69. PL 2499 is low viscosity, water-based re­
sole resin with an unusual combination of low free formaldehyde and low free 
phenol ( < 0.7%). PL 2499 accepts a high amount of inert filler (> 20%) with a 
reasonably low viscosity. High filler loading does not effect the eure rate. 

Table 6.69. Properties 
of PL 2499, Bakelite AG, 
lserlohn, Germany 

Solids o/o 
Viscosity (20°C) 
Free phenol o/o 
Free formaldehyde o/o 
Gel time (l30 °C) 

75±2 
2000±200 (mPa · s) 
< 0.7 
< 0.7 
8.5 min 
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Fig.6.88. Bridge at Bar Harbor, ME with FRP/glulam 

Conducting pultrusion at temperatures of 135 oc (T 1) and 165 oc (T 2), 

smooth surface profiles resulted through the use of neutral catalyst with up to 
10- 15 o/o filler ( clay, zinc borate) being used. High strength, high T g ( > 249 oq 
proflies were obtained without post eure. No F or P emissions were noticed 
during pultrusion. 

An interesting application of phenolic pultruded proflies is the use of the 
profile to reinforce wood (see Wood Composites section 6.1.1). Glue Iaminated 
timher beams known as glulams are widely used for large open structures 
such as arches, domes, and bridges. Glulams offer many advantages over other 
materials such as lightweight, economical production of tapered and curved 
members, excellent energy absorption characteristics (seismic, damping, and 
acoustical responses), good chemical and corrosion resistance, better fire 
resistance than steel, and an attractive appearance. However, low bending 
stiffness and strength of glulams requires the use of glulam with large depths 
(1.2-1.5 m). To increase the stiffness and strength of glulam dramatically, it 
can be reinforced with pultruded FRP. 

The pioneering work of Tingley [ 21]led to the development of technology 
known as FiRP™ glulam. It consists of pultruded material which is integrated 
into the glulam and allows the wood/FRP composite beam to be customized 
for tension and compressive strength. The wood/FRP composite is 40 o/o lighter 
and said tobe 25 o/o less expensive than conventional glulam beams. FRP com­
posites improve beam strength by as much as 85%. The FiRP glulam is gen­
erally reinforced by carbon fiber ( compression strength) and aramid ( tension 
strength) hybrids for bridge applications. 



6.1 Permanent Bonding 279 

A consortium located at the University of Maine under the leadership of 
Professor H. Dagher and consisting of the Composites Institute of SPI, Forest 
Products Laboratories of US Dept. of Agriculture, and other research groups 
with funding from several government agencies has been established with the 
objective of combining glulams of lesser quality wood with pultruded 
glass/phenolic profile [22]. The glass reinforcement is 2 vol.% and provides an 
increase of 50- 60% over unreinforced glulam. A 38 m long by 1.5 m wide 
ocean pier located at Bar Harbor, ME. (Fig. 6.88) was constructed with Maine 
red maple glulams reinforced with E-glass/phenolic pultruded system pro­
vided by StrangweH (Bristol, VA). The bridgewas installed in 1995. Bridge pro­
perties are periodically monitared by Dagher's group and continue to exhibit 
favorable properties. 

It was mentioned in the Wood Composites chapter that a combined pultru­
sion/microwave process transforms wood strands with phenolic resin adhe­
sive into parallel strand lumber or parallam. 

Thus pultrusion of phenolic FRP and wood products Ieads to unique re­
inforced materials and new market opportunities. 

6.1.5.6.4 
Sheet Molding Compound 

Sheet molding compound (SMC) isamaterial based on a filled thermosetting 
resin ( usually polyester) and a chopped or continuous strand reinforcement of 
glass fiber (Fig. 6.89). The SMC is formed between two pieces of carrier film. 
The filled polyester with catalyst, thickening agents, mold release agents, and 
low profileadditive (LPA) is placed on the continuous carrier film. The carrier 
film passes under a chopper which cuts glass roving into 25.4 mm lengths. 

Resin Pumped from Tank 

Fiber 
Rovings __ -&.L 

Chopped 
Fiber 

Fig.6.89. Sheet molding compound process 
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Fig.6.90. IBM think pad with 
fiberite SMC 

After the chopped glass falls on the filled resin systems, another carrier film 
with a layer of filled resin combines with other containing the glass, thus 
enclosing or "sandwiching" the glass between the two layers. A typical SMC 
composition is 20-30% glass reinforcement, 40-50% filler (CaC03), the 
remainder being resin with thickeners, release agents, low profile additive 
(LPA), small amounts of catalysts, pigment, and flame retardant/UV absorb­
ers. The biggest volume applications of polyester SMC are automotive, appli­
ances, mass transportation, and marine. Many types of SMC compositions 
based on epoxy, cyanate ester, PMR-15, and phenolic have been reported [23]. 
Phenolic SMC is proposedas a suitable material for aircraft interiors and mass 
transit areas where F/S/T properties are important and expected to displace 
the time consuming, hand lay up materials. 

Recently, a chopped carbon fiber/phenolic SMC product manufactured by 
Fiberite and known as Enduran 4685 was used to fabricate the base and cover 
of the IBM Think Pad 701 (Fig. 6.90) [24]. Key features of the CF/phenolic SMC 
product include excellent EMI shielding, thermal resistance (since newer com­
puters generate more heat), and a very low shrinkage value. 

6.1.5.6.5 
Resin Transfer Molding 

Resin transfer molding (RTM) is a "net shape" process to fabricate a fiber rein­
forced composite by introducing a reactive liquid resin into a woven or knit­
ted preform contained in a closed mold. Resin is introduced via external pres­
sure or vacuum. The resin eures at room temperature or elevated temperature 
by applying heat to the mold and ensuring complete eure. The advantages of 
RTM include low cost of FRP part fabrication because only dry fiber and resin 
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are required, possible automation, near net shape parts, possibly low void con­
tent, and probably the only process to fabricate complex parts in one step. Dis­
advantagesare expensive molds and questionable process control. BP [25] has 
developed low viscosity phenolic resin systems with delayed action catalysts 
for RTM applications. 

6.1.5.6.6 
HandLayUp 

This method is used extensively in the marine industry for the fabrication of a 
relatively small number of large components. The technique involves the use 
of a female mold onto which a gel coat is applied. The desired structure is built 
up using sheets of glass fiber plies or mat followed by the application of resin 
with a brush or similar applicator. The method is relatively inexpensive, in­
volving low equipment and tooling costs. Fiber weight per cent can vary from 
25 to 45 %. Most of the technology for the use of phenolic resins in the hand 
lay up process was developed by BP (UK). The facile eure of resole resins with 
sulfonic acid esters and more recentlywith cyclic phosphate esters [26] which 
become incorporated within the crosslinked structure represents BP techno­
logy. Hand lay up uses include railway rolling stock, cladding in buildings, 
underground stations, ducts in mines, and autornative heat shields [27]. 

6.1.5.7 
Summary/Trends 

Significant growth of phenolic FRP systems has occurred within the last de­
cade due to government mandated changes, especially for aircraft interiors 
and some segments of mass transportation. lt is anticipated that greater 
penetration of phenolic FRP will develop in many sectors of mass transpor­
tation such as buses, trains, ferries, and thus reduce fire threat to passengers. 
Similarly, the civil engineering/infrastructures and the offshore/oilfield 
market areas are expected to provide additional growth opportunities for 
phenolic FRP. 

Obviously, continued improvements in phenolic resin technology, fiber 
enhancement through surface, interfacial treatment, and improved composite 
processing are "evergreen:' 

The future outlook in phenolic resin chemistry is quite optimistic and is 
supported by recent advancements in reduced resin brittleness (PLB from 
Bakelite AG and Ameron resins), water harne resole resins with low free phe­
nol and formaldehyde, high Tg filament wound system (260 °C), and exceptio­
nal fire resistance of polysiloxane phenolic filament wound pipe, as well as 
pultruded components for offshore platforms, attractive SMC compositions 
(Fiberite ), and a new ernerging application area which uses glass/phenolic pul­
truded profiles to reinforce wood glulams. 
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6.1.6 
Miscellaneous 

6.1.6.1 
Chemically Resistant Putties and Chemical Equipment Construction 

Application of acid and heat curing binders for grouts, industrial coatings, and 
flooring, and in chemical equipment construction may be classified into three 
groups: (1) chemically resistant putties, (2) laminate coatings, and (3) solid 
moldings. Allare produced using phenolic and/or furan resins. 

Chemically resistant putties are pasty compounds that are obtained by 
blending the components, and are used to lay and graut acid-resistant bricks 
and tiles [ 1, 2]. Depending on the stresses to which the grouts are exposed, 
phenolics, furan resins, unsaturated polyester resins, or epoxies are used as 
binders. Only phenolic and furan resins are considered in the following dis­
cussion. 

These phenolic and furan resin putties represent multicomponent systems 
that eure at ambient temperature. They consist of a liquid phenolic or furan 
resin, for example resin A or Bin Table 6.70, a filler mix (putty powder), and a 
curing agent. The curing component can be used in liquid, paste, or powder 
form. In most cases, curing agents are used in a solid form that can be pre­
mixed with the filler mix to afford the "putty powder?' A putty powder gen­
erally contains about 5 o/o added curing agent. The most common curing 
agents are p-toluenesulfonic acid and sulfonic acid derivatives such as sul­
famic acid or toluenesulfonyl chloride. The most common fillers are silica 
sand, quartz flour, barytes, pitch coke, graphite, and various fibrous materials. 
Before use, the putty powder and resin are blended in a high-shear mixer at a 
ratio of ab out 2: 1 to 5: 1 to yield a homogeneaus paste of the desired con-

Table 6.70. Resin for acid-resistant and chemical equipment construction 

Resin Chemical Non Viscosity Density Water Storage life Properties 

A 

B 

c 

type volatiles % at 20 oc at 20 oc % at 20 oc 

Modified - 95 
phenolic 
resole 

Furan 
resin 

-99 

Phenolic 81 ± 2 
resole 

mPa·s glcm3 months 
ISO 12058 

300±50 1.2 

230±20 1.2 

8500 ± 500 1.22 

3±1 3 

max. 6 
0.5 

11±2 2 

Highacid 
resistance, 
good resistance 
to solvents and 
superior alkali 
resistance 

High solvent, 
alkali and 
thermal 
resistance 

Special-purpose 
resin 

Applications 

Cements 
and 
Iaminates 

Cements 
and 
Iaminates 

Ramming 
(Haveg) 
mixes 



Fig. 6.91. Solvent tank farm 
with chemically resistant tile 
floor 
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sistency. When a putty powder concentrate is used, it should be well distrib­
uted throughout the supplementary fillers before resin is added. Use of low 
resin viscosity material allows the production of highly filled putties. 

Phenolic resin putties are particularly suitable for applications requiring 
resistance to strong acids and nearly all organic materials (refer to Compari­
sons of Thermosets chapter 5, Fig 5.7, p. 119). Even satisfactory alkali resis­
tance for some applications can be achieved by use of modified phenolics. 
However, furan resin putties feature high solvent, alkali, and thermal resis­
tance.Application examples are for use in floors (Fig. 6.91) and walls of rooms 
exposed to chemicals, effluent basins, catch basins, and drain gutters [ 3- 5 ]. 

Iudustrial concrete and screened flooring exposed to severe chemical stress 
is also protected by laminated coatings consisting of a fibrous material, a cold 
curing two-component system of resin and curing agent (generally an acid 
chloride ), and possibly further additives. Due to their good resistance to 
chemicals, thermoset binders including phenolic and furan resins are used in 
Iaminated coatings for surface protection. In this technique, a flexible inter­
mediate coat is first applied to a primed substrate, and glass fiber mats or 
fabric then embedded in the curing agent containing phenolic or furan resin, 
for example, resin A or B in Table 6.70. The areas of application are similarly 
vessels, catch basins, effluent basins, and drain gutters. If enhanced mechani­
cal and thermal resistance is required, the coatings are protected by layers of 
tiles. Glass fiber mats or fabric are used as the fibrous materials. The primed 
substrate or flexible intermediate layer is coated with the homogenized mix-
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Fig.6.92. Fiber-reinforced phenolic materials,in this case used for a dome consisting of 12 seg­
ments and measuring about 8000 mm in diameter forastoragetank to hold waste acid con­
taining fractions of chlorinated hydrocarbons (Keramchemie, Siershahn, Germany) 

ture of resin and curing agent, the fibrous material being embedded with rol­
lers and then recoated with the resin/curing agent mixture. This operation 
may be repeated several tim es. 

Thermoset plastics are also used in structural materials exhibiting a high 
Ievel of chemical resistance for use in chemical equipment construction [6-8]. 
Areas of application are in solid moldings, composite structures, coatings, and 
linings with prefabricated Iaminate sheets. The phenolic resins used for this 
purpose, such as resin C in Table 6.70, are cured under heat and pressure with 
or without accelerators, or at ambient temperature using appropriate curing 
agents. Examples of applications (Fig. 6.92) are vessels, columns, and hoods 
made with fiber-reinforced compounds [9], and protective coatings and linings 
of steel vessels and parts. To produce solid moldings, the resins are blended 
with the fibrous fillers in a masticator to yield a homogeneous mix. The plastic, 
moldable mix is hammered ("rammed") or pressed into molds. It is cured in 
autodaves ("Bakelisators") at temperatures up to 140°C and pressures up to 
10 bar. Addition of a curing agent is necessary when furan resins are used. 

Prefabricated flexible sheets can be used to line steel vessels. Phenolic resins 
with graphite fillers have become established for this use. As in the case of 
ramming mixes, curing is carried out at elevated temperature and pressure. 
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6.1.6.2 
Lampbase Cements ("Socket Putties") 

"Socket putties" are curable, thermosetting putties/adhesive compounds used 
to bond the metal base to the glass body of incandescent lamps and fluores­
cent tubes when they are manufactured [ 1-3]. Bonding is carried out during 
fabrication of the lamp and is largely automatic. The bond must be stable over 
the entire service life of the lamp, and be capable of withstanding exposure to 
high temperatures over long periods of time. 

Socket putties generally represent mixtures of phenolics and thermoplastic 
natural (soft) resins used as a component to provide elasticity. A standard for­
mulation exhibits the following composition: 

- 80 parts by weight mineral filler ( e.g., marble flour) 
- 12 parts by weight phenolic powder resin 
- 8 parts by weight balsamic resin 

The powdered components are homogenized and the powder mix made up to 
the desired pasty consistency prior to use. Technical-grade alcohol (10-15%) 
is generally used to form the paste. A mixture of acetone and alcohol can also 
be used to provide particularly good flow. Diglycol can also be used to avoid 
rapid drying of the putty. The paste is then injected into the base by machine, 
and the glass body automatically inserted. The putty is cured by exposing it to 
temperatures of 200- 280 °C for 10- 50 s. 

The automatic machin es generally apply the putty to the metal base in the 
form of a ring. Ab out 1 g of putty is required for a standard incandescent lamp 
with a base 25- 30 mm in diameter, and 2 x 1-2.5 g for a fluorescent tube. The 
putty-coated bases are fed to an automatic lamp making machine where the 
glass bulb or the tube is inserted and the putty cured. The main part of the pro­
duction process is ended by soldering on the current carrying wires. Modern 
equipment produces more than 4000 lamps or 1500 tubes per hour. The socket 
putty should possess a suitable pot life for the Iongest possible time and ex­
hibit high adhesion of metal to glass. The putty is foamed by slight formation 
ofbubbles during the curing process, counteracting any shrinkage and helping 
to ensure that the void between the base and the glass is well sealed. The cured 
material should be free of stress. The required strength level, for example, in 
an unused incandescent lamp is set at a twist-off strength of 3.0 Nm; it should 
still amount to 2.5 Nm following storage for a period of 1500 hat 210°C. 

The majority ofbinders used arestill phenolic resins (Table 6.71). Phenolic 
powder resins (generally combined with hexamethylene tetramine = HMTA as 
a curing agent) have been used as binders for lampbase putties for decades. 
They can include curing accelerators and natural resins as additives. Special, 
highly reactive phenolic novolak such as resin B in Table 6.71 are used to 
achieve particularly short cycle times. Such formulations contain a small amo­
unt of slow reacting soft resins. Modification with amino resins affords putties 
that eure to light colors. 

It is useful to include additives such as silicone resins to improve the heat 
resistance of the phenolics when resistance to high thermal stress is required, 
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Table 6.71. Phenolic resins for production of lampbase cement 

Res in Mixture of phenolic novolak and Mixtures of 
Chemical hexamethylene tetramine phenolics modified 
characterization 

A B c D 

Melting range oc 95±5 90±5 95±5 
(ISO 3146) 

Flow distance at 125 oc mm 35±5 55±10 50± 10 
(ISO 8619) 

HMTA content o/o 9.0±0.5 6.5±0.5 6.0±0.3 
(ISO 8988) 

Screen analysis, 
fraction >0.09 mm o/o max.2 max.2 45±10 4±2 
(ISO 8620) 

Bulk density (ISO 60) g/1 360±30 360±30 490±30 750±50 

Soluble in Methanol, ethanol, isopropanol, 
acetone and similar 

Application Standard Enhanced Modified Special cement, 
resin reactivity resin with rapid curing; 

high reac- particularly suitable 
tivity and for pilot lamps and 
thermal similar 
resistance 

for example, in oven lamps, high-wattage lamps, projection lamps, and similar. 
In such cases, it is also advisable to substitute a Xylok® resin (Fig. 6.93) for 
the phenolic [4]. Xylok resins are the reaction products of alkyl ethers with 
phenol (see Chemistry, Reactions Mechanism chapter 2). They also undergo a 
thermosetting eure with HMTA. 

Marble flour is used as the standard filler for putties; titanium dioxide is 
used to obtain lighter colors. Rosin, balsamic resin, shellac, or the transforma­
tion products of these natural resins are used as additives to achieve Ionger 
flow of the paste prepared from the powdered putty, and to improve the elas­
ticity. Aside from the dispersion solvents mentioned above, trioxane can also 
be used. A putty prepared with this reactive diluent solidifies to form a solid 
mass upon cooling. The bases lined with such putties can be stored and used 
as required for production of lamps and tubes. However, certain industrial 
safety precautions such as ventilation of the workplace must be observed in 
working with trioxane, and the putty must be preheated to a temperature of 
60-70°C. 
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+ MeOH2C --o-CH20Me 

a,a'-dimethoxy-p-xylene 
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OH OH OH 

G-cH2 fo-cH2 -O-cH2 lo:~:::-Ü 
Fig. 6.93. Basic reaction in production of Xylok® 

6.1.6.3 
Various Applications (Brush Cements, Casting Resins, and Concrete Flow 
Promoters) 

To complete the versatility of phenolic resin applications, three further pos­
sible uses are discussed: brush cements, casting resins, and concrete flow 
promoters. 

Brush cements, as resins or pastes used to manufacture artists' and painters' 
brushes, were earlier produced using phenolic resins as the main binders. The 
brushes produced by this method featured excellent resistance to common 
chemieals and solvents [ 1, 2]. The bristles were bundled and coated with resin 
on one of the ends. The hinder was cured in an oven heated to 60- 70 oc, or at 
low temperatures following addition of acids. A disadvantage in the use of 
phenolic resins was occasionally the dark color or the lack of adhesion to 
metal when metal bases were used. For these reasons, epoxy resins are pre­
ferred binders; although more expensive, they do not exhibit the disadvan­
tages mentioned above. 

Phenolic-based castingresins [ 3] are mainly resins systems that are capable 
of being poured and can be cured without formation of bubbles. Depending 
on the application, such casting resins are produced at a molar ratio of phenol 
to formaldehyde of one to 1.5-3.0 using alkali metal or alkaHne earth hydro­
xides as catalysts. The resins can be colored. This is accomplished using alco­
hol or phenol-soluble dyes alone or in combination with inorganic pigments. 
Addition of glycols to regulate the viscosity and increase the flexibility is also 
common. Curing of the resins following casting in molds requires more than 
70-200 hat temperatures of 75-95 °C. Addition of colorless organic acidsalso 
permits curing at ambient temperature, after which the resin is post-cured at 
40-50°C. 
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The cured resins can be worked by machining. The final products are trans­
parent or opaque/colored, and are used as bowling or billiard balls, or for pro­
duction of costume jewelry and similar products. Specialversions can also be 
used in pattern and mold construction. 

Phenolic resin billiard balls have the advantage that they are eheaper than 
those made of ivory, and that they do not wobble since their center of gravity 
is in the center [4]. Furthermore, ivory is no Ionger available due to a general 
embargo. Synthetic resin bowling balls have replaced the earlier common 
wooden balls. They are much improved, their behavior more predictable, and 
they can be guided toward the pins when thrown, whereas balls of other mate­
rials can exhibit quite "erratic" behavior. 

Concrete jlow promoters are additives that considerably improve the flow 
of concrete when it is used (poured) and reduce the required amount of 
water (ratio of water to cement). Naphthalene sulfonates, melamine resin 
sulfonates, and, as an extender, lignin sulfonates, are used for this purpose. 
From the patent literature, it is known that sulfonated phenolic resins alone or 
in combination with the above standard products can also be used for this 
application [5,6]. 

6.1.6.4 
Phenolic Resin Fibers 

Phenolic resin fibers are marketed under the trade name Kynol™, and are 
used alone or combined with synthetic and/or natural fibers for fire protective 
clothing, heat-resistant fabrics, and similar products. As asbestos has been 
eliminated, these fibers have become increasingly popular for applications 
such as fire protective clothing, particularly since they are toxicologically 
innocuous. They are also used for production of composites or as a starting 
material for fabrication of carbon fibers and carbon fiber composites materi­
als, and particularly feature the high chemical resistance and low smoke den­
sity in case of fire, typical of phenolics (Fig. 6.94). Production of the fiber [ 1] 
is conducted by spinning of high molecular mass novolaks ("Novoloid" 
fibers) and subsequent curing in an aqueous formaldehyde bath, technology 
from the basic patents owned by the Carborundum Company, Niagara Falls, 
N.Y., USA [2, 3]. As a thermoset fiber and typical phenolic resin product, this 
material is presently marketed worldwide by Nippon Kynol, lnc. of Osaka, 
Japan. 

Typical properties of Kynol fibers are listed in Table 6.72. Properties vary 
somewhat with the diameter of the fiber, and also depend to some extent on 
the production conditions required for special applications [4-11]. 

One measure of the flame resistance of a given material is its "limiting oxy­
gen index" or LOI, which in essence states the concentration of oxygen re­
quired in the local atmosphere for continuous self-supporting combustion. 
The LOI of Kynol materials varies with the particular structure (fiber, feit, 
fabric) being tested, the test method, and apparatus, but generallyrang es from 
30 to 34, i. e., higher than in any of the natural organic textile fibers and in all 
but the most exotic man-made organic fibers. 



Fig.6.94. Smoke density of 
Kynol™ fibers compared 
to other synthetic and 
natural fibers (source: 
Kynol™ GmbH, Hamburg) 

Table 6.72. Properties of 
Kynol™ fibers (source: 
Kynol™ GmbH, Hamburg) 
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Properties of Kynol fibers 

Color Gold 

Diameter, 1.1 
Fiber length, mm 
Specific gravity 
Tensile strength, g/ d 
Elongation, o/o 
Modulus, kg/mm2 

Loop strength, g/d 
Knot strength, g/d 
Elastic recovery, o/o 
Maisture regain at 20 °T, 
65 o/o rh, o/o 

14-33 (2-10 denier) 
1-100 
1.27 
1.3-1.8 (12-16 cN/tex) 
30-60 
350-450 (260- 350 cN/tex) 
2.2-3.1 (19-27 cN/tex) 
1.1-1.5 (10 -13 cN/tex) 
92-96 

6 

The fibers (Fig. 6.95) and materials are highly flame resistant; in addition, 
they are excellent thermal insulators. However, they arenot high-temperature 
materials in the usual sense of the term. While a 290 g/m2 woven fabric will 
withstand an oxyacetylene flame at 250 oc for 12 s or more without break­
through, the practical temperature limits for long-term applications are 150 °C 
in air and 200- 250 oc in the absence of oxygen. 
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Fig. 6.95. Selection of 
various phenolic resin 
fiber products (photo: 
Kynol GmbH, Hamburg) 

The fibers display excellent resistance to mostchemieals and solvents. They 
are attacked by concentrated or hot sulfuric and nitric acids and strong bases, 
but are virtually unaffected by non-oxidizing acids including hydrofluoric and 
phosphoric acids, by dilute bases, and by organic solvents. 

The novolak-based fibers are excellent thermal insulators. A nonwoven 
batting with a density of 0.01 g/cm3 exhibits thermal conductivity of 
0.034 kcal!m · h oc at ordinary temperatures and 0.025 kcal!m · h oc at -40 °C. 
The retention of properties after exposure to extremely low temperatures is 
excellent. The efficiency of sound absorption is high. Ultravialet radiation, 
although leading to darkening of the fiber, has minimal effects on the pro­
perties, and resistance to gamma radiation is also high. 

Typical recommended applications are: 

1. Protective apparel ( e.g., firemen's protective clothing) 
2. Safety accessories such as sewn and knitted gloves, with and without extra 

insulation, aprons, hoods, socks, sleeves, spats, and masks 
3. Flame barriers and liners for upholstered furniture 
4. Miscellaneous consumer goods such as emergency bags and containers, or 

fire protective drop fabrics and fabrics (Fig. 6.96) 



Fig. 6.96. Fire resistant 
clothing-based on Kynol™ 
fibers (photo: Kynol™ 
GmbH, Hamburg) 

6.2 
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6.2 Temporary Bonding 291 

Temporary bonding ideally provides materials with low wear coupled with 
high temperature resistance over an extended period of time. Pertinent appli­
cations include friction (brake and clutch) linings, abrasives ( coated abrasives, 
grinding wheels and shapes ), graphite bearings, and foundry molding materi­
als for molds and cores. 

One of the common denominators for such applications is the demand that 
products subject to wear and tear, such as friction linings and abrasives, be 
capable of reliable and lengthy use. This refers to effects such as those that 
arise when a friction material contacts the brake disk, brake drum, or clutch 
plate. In another case - in the process of grinding - the reference is to the 
abrasive effect that occurs when the grinding tool and the substrate come into 
contact. The phenomenon in both processes leads to development of relative­
ly high temperature or even thermal shock stresses. Friction linings are thus 
tested with a dynamometer or in driving tests using a schedule of braking 
cycles or driving conditions. The products are expected and required to ex­
hibit a very lengthy service life in spite of gradual wear. 

Foundry binders must temporarily meet an extreme range of requirements 
with tight tolerances. The molding materials, based on silica sand or other 
types of sand such as zircon, chromite, or olivine, and held together with only 
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0.8% to a maximum 3.0% bin der, must withstand the hot molten metal for an 
adequate period of time ( until the melt solidifies) when the mold is poured off, 
and should collapse as quickly and easily as possible after the metal has soli­
dified to keep shakeout costs low. In this case, "temporary" refers to the 
strength of the bond directly at the time of pouroff, when the contours and 
dimensional tolerances of the castings are maintained. 

6.2. 7 
Foundry 

6.2.1.1 
lntroduction (Economic and Technical Survey) 

Shaped metal parts (Fig. 6.97) of iron, steel, and nonferrous metals (bronze, 
brass, aluminum, magnesium) may be produced by various methods. The 
most important method is by casting in which the final product is directly pro­
duced from the melt as compared to forming, staking, and sintering methods. 

The annual worldwide casting production in major developed countries, 
for which excellent statistical information is available, presently amounts to 
ab out 71 million tonnes (Table 6.73). Ab out 75% of this production originates 
in the countries mentioned in Table 6.73. The list is led by the USA, People's 
Republic of China (PR China), and the Commonwealth of Independent States 
(CIS, the former USSR). Germany presently produces about 4-4.4 million ton­
nes of castings annually, and thus leads the list of West European countries. 

Fig. 6.97. Gray iron engine blocks ( source: Eisengiesserei Fritz Winter, Stadtallendorf, Germany) 
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Table 6.73. Castings production in various countries and worldwide in thousands of tonnes 
(source: Giesserei p. 44, 1997) 

Fe 

USA 12,000 
PR China 10,650 
CIS 9900 
Japan 5700 
Germany 3600 
India 3040 
Brazil 1500 

World 62,000 

Fig.6.98. Corebox system 
(1 = cope, 2 = drag, 3 = core) 
(from [1]) 

AI 

1650 
550 
200 

1100 
420 

20 
100 

5750 

Nonferrous Total Percentage of total 

750 14,400 20.4 
150 11,350 16.1 
800 10,900 15.5 
250 7050 10.0 
180 4180 6.9 

3060 4.3 
45 1645 2.3 

2800 70,550 100 

3 2 

The column headed "Fe" includes gray iron and ductile iron, malleable iron 
and steel. The "World" annual total of 62 million tonnes in this column is com­
posed of 65% gray iron, 21% ductile iron, 10.8% steel, and 3.2% malleable 
iron. Among the "Miscellaneous Nonferrous Metals", zinc alloys dominate 
with a share of 58% and copper alloys make up 36.5% of the total. 

Casting is performed using disposable or reusable (permanent) molds. The 
disposable or "lost" mold used to produce most castings - particularly those 
made of iron - is destroyed during the casting process. The finished mold [ 1] 
may consist of one or more parts (mold sections), such as the cope, drag and 
the cores (Fig. 6.98). Molds and cores are generally produced from similar 
molding materials. In most cases, the main component of these is quartz sand 
(Fig. 6.99) shaped with inorganic or organic binders (Fig. 6.100). Molds are 
produced on molding lines, and cores using "core shooters" or "blowers" 
(Fig. 6.101). 

The most important raw material for molds is quartz sand [2, 3]. Quartz 
(a-modification) is the most common modification of silica (Si02). When 
heated, a-quartz undergoes a transition to the "ß-quartz" modification at tem­
peratures above 573 oc. This reversible transition is accompanied by expan­
sion of the crystalline lattice leading to a drop in the density from 2.65 to 
2.50 g/cm3• Due to this quartz transition, "heat cracks" leading to casting de-
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Fig. 6.99. Grain structures of quartz sand, x 50, from left to right: round, rounded edges, 
splintered (photo: Quartzwerke, Frechen) 

Fig.6.100. Scanning electron 
micrograph of a quartz-resin 
"bridge" between quartz 
grains, illustrating the 
importance of the hinder 
(photo: RWTH, Rheinisch­
Westfälische Technische 
Hochschule, Foundry Insti­
tute) 

fects such as "veining" may arise when the resin-bonded molds and cores are 
poured off, depending on the degree of compaction of the molding material, 
the weight and temperature of the melt, and the crosslinking density of the 
cured binder. 

Aside from quartz sand, chromite, olivine, or zircon sands may be used in 
special cases. These types of sands can be used to prevent expansion defects in 
molding materials exposed to particularly stringent thermal stresses. Special 
hinder systems are generally used for specific molding processes. Molds are 
mainly produced using inorganic binders such as clay, in a few remaining 
cases cement or waterglass, andin around 2-3o/o of all applications organic 
binders such as phenolic and furan resins. Cores are prepared using molding 
processes involving organic binders, prominent members of which are core­
making grades of phenolic resins. 
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Fig. 6.101. Core shooter, encapsulated to protect against emissions and permit use of gas 
curing processes requiring sealed systems; production of crankcase cores (photo: Loramendi, 
Vittoria, Spain) 

In many cases, only the advances [ 4] which have been achieved in molding 
technology by use of new core/mold binders and production methods have 
resulted in the efficient and economical production employing a high degree 
of mechanization possible in modern foundries. This is illustrated by the 
rise in productivity at German foundries during the period from 1950-2000 
(Fig. 6.102). The production per employee nearly quadrupled over these 
SO years. One of the driving forces for this increase has been the meteoric rise 
in capacity of the automotive industry. 

In an assessment of coremaking processes, the demands of which have 
reached a high level in recent years for ecological and economical reasons, 

Fig.6.102. Productivity 
increase in the German 
foundry industry from 1950 
to 1997, in tonnes of produc­
tion per employee (source: 
Verein Deutscher Giesserei­
fachleute, Düsseldorf) 
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Table 6.74. History of core and mold processes using synthetic resins as binders 

Year Process Res in 

1950 Use of shell molding Phenol novolaks 
1958 Furanno-bake Furan resins, urea resins 
1962 Hot-box Urea, furan and phenolic resins 
1965 Phenolic no-bake Phenol resols 
1968 PUR-cold-box• Ortho-cond. resols 
1971 Furan S02• Condensed furan resins 
1978 Warm-box Modified furan resins 
1981 Warm-box-vaccum Furan or phenol resols 
1982 Ester curing no-bake KOH-containing resols 
1983 MF-cold-box• KOH-containing resols 
1983 Cold-box plus• Ortho-cond. resols 
1984 Epoxy-S02• Modified epoxy resins 
1987 Hot-box plus Modified phenol resols 
1988 Acetal (methylal)• Resorcinol resins 
1990 C02-resol cold-box• Boron-containing resols 

a Gas curing processes. 

attention must presently he directed not only to the production process itself, 
hutalso to disposal of exhaust gases at the work station, minimization of emis­
sions, and recovery of used core and mold sands. The latter is particularly pru­
dent, since it avoids dumping and is desirahle for economical and ecological 
reasons. 

Many technical developments in foundries have only hecome possihle due 
to the fact that the "art of casting" has developed into the foundry industry in 
its present modern form [5]. Many new core and mold production processes 
have heen developed since the end of World War II (Tahle 6.74). The variety 
of coremaking processes is in turn hasically related to six potential hinder 
functions, which may also he analogously correlated with foundry hinders 
(Tahle 6.74). The greater the extent to which a system provides a halanced mix 
of these (permanent, temporary, intermediate, complementary, carhon-form­
ing and chemically reactive hinding) functions, the hetter the system ranks in 
comparison to other processes. 

Thus, the cores should exhihit "permanent" dimensional stahility prior to 
the pouring operation, and feature high strength levels during intermediate 
handling-in transportation, storage, and insertion into the mold. The mold­
ing material should then temporarily withstand high temperatures during 
pouring. Its hot tensile strength over time (Fig. 6.103) should he as high as pos­
sihle during the initial period following pouring, hut should fall precipitously 
thereafter to provide good collapse properties. The complementary hinding 
function indicates the capacity for modification and adaptation of the hinder 
systems, and the carhon-forming function has the effect that resins produce a 
compatihle level of carbon under pyrolysis conditions. "Compatible" means 
that such levels exert a positive effect on the surface of the castings, but do not 
contribute to undesirable "glossy carhon problems" which can considerably 
detract from the processing quality of the castings. 



Fig. 6.1 03. Hot tensile strength 
Ievels of resin-bonded molding 
materials after 1 - 4 min at 
650 oc or 1050 oc 
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Table 6.75. Varieties of possible phenolic resin reactions and use of these in phenolic and furan 
resins 

Phenolic resin 

Novolak 

Resole, neutral 

Resole, Ortho-condensed 

Resole, alkaline 

Reactivity 

Hexa (HMTA) 

Acid 
Acid,heat 

Polyisocyanate 

Ester, liquid 
Ester, aerosol 
Carbon dioxide 

a Methyl formate as gassing agent. 
b Carbon dioxide as gassing agent. 

Process 

Shell mold ( croning) 

No bake phenolic resin 
Hot box phenolic resin 

PUR cold box 

Ester no bake 
MF-resolea 
COz- resole b 

The variety of coremaking processes is also related to the wide range of 
chemical reactivity of the resins, citing phenolics (Table 6.75) as an example. 
Thus, phenolic novolaks may be reacted with hexamethylene tetramine 
(HMTA or "hexa") at elevated temperatures. Free flowing, storable phenolic 
resin-coated sands are produced with hexa in the shell molding process. Phe­
nolic resoles can react with acids at ambient temperature (no bake and hotbox 
processes), undergo polyurethane reactions with diisocyanates (polyurethane 
cold box method), and be used with methyl formate or carbon dioxide for 
precipitation and solidification processes (methyl formate or co2 "resole" 
method). 

The above comments on phenolic resins apply analogously to furan, urea, 
epoxy, and acrylate resins (Table 6.76).A representative process is the epoxy or 
furan gas curing method [ 6], in which the reactive resins are cured in closed 
systems by gassing with S02, which together with oxygen and water forms sul­
furic acid in situ (Fig. 6.104). This process is carried out in sealed systems. The 
S02-containing exhaust is conveyed to a wet scrubber containing sodium 
hydroxide solution for flue gas treatment. 
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Table 6.76. Reactivity of furan, urea, epoxy and acrylate resins and their use in core and mold 
making processes 

Binder type Reactivity 

Furan resins Acid 
Acid (in situ from 502) 

Acid,heat 

Urea resins Acid 
Acid,heat 

Epoxy resins Acid (in situ from 502) 

Acrylate resins Polymerizable 

" Generally in combination with furan or phenolic resins. 
b Gassing with diluted 502 gas. 

Fig. 6.1 04. Principle of the 
502 process for coremaking 

Process 

No-bake furanresirr 
Furan-502 

Warm box 

No-bake" 
Hot box" 

Epoxy-502 

Free radical eure (FRC) b 

1.-------

Cold Setting Resin Furan or 
2. ------=-------- Curing 

Epoxy Resin 

The different reactive properties of synthetic resins result in three main 
groups of coremaking- or mold fabrication- processes (Table 6.77) involving: 

1. Warm and hot curing at temperatures ranging from 100 oc to 280 oc de­
pending on the type of process. 

2. Cold curing with direct addition of a curing agent at the ambient tempera­
ture prevailing in the plant during summer and winter, with possible adap­
tation of the resin systems for summ er and winter conditions. 

3. Gas curing, initiated by gaseous substances and possibly involving forma­
tion of reaction products requiring additional attention in exhaust gas dis­
posal. Some gas curing processes must be operated at temperatures of 
40- 60 °C for process operations, and are thus no Ionger "cold" processes in 
a strict sense. 

Statistics on binders and mold/core sand for the period 1996-1998 together 
with additional estimates indicate that more than 170,000 tonnes of synthetic 
binders (mainly phenolic and furanresins) are presently used to produce sand 

Table 6.77. Classes of core molding processes (cold, hot, and gas curing) 

Hot (180-280°C) and Warm (100-160°C) curing 
2 Cold curing (ambient temperature) 
3 Gas curing"- Cold (ambient temperature) and Warm (40-60°C) 

" One component is in gaseaus form and is used as a catalyst, curing agent, solidification/ 
hardening agent. 
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Table 6.78. Annual hinder requirements for core and mold fabrication with chemical 
(synthetic) binders in the USA and Germany, 1996-1998 (source: estimated from various 
statistics) 

Germany USA 

A Mold No bake furan resin 16,500 20,000 
production No bake phenolic resin 5ooo• 38,000 a,b 

No bake alkyd resin/isocyanate 3000 

B Hot eure core Shell mold ( croning) 4500 17,000 
production Hot/warm box 3000 14,000 

c Gas curing PUR cold box 8000 48,000 
Silicate-C02 ( and ester) c 3000 6000 
S02-epoxy process 1000 9000 
Resoiegas curingd 1200 7000 
Other methods ( e. g., acetal 300 10,000 
process and furan-S02 ) 

D Total resin requirement ( tonnes) 42,500 172,000 

E Percentage of requirement (in row D) for 
a. Mold production 50.6% 35.5 o/o 
b. Hot eure core production 17.6% 18.0% 
c. Cold (gas) eure core production 31.8% 46.5 o/o 

• Including the resoiefester process. 
b Including PUR no-bake. 
c Mainly gas curing with C02 in Germany. 
d Methyl formate or C02 as gassing agent. 

for fabrication of molds and cores each year in the USA, and more than 
40,000 tonnes in Germany (Table 6.78). The quantities of resins used for fabri­
cation of molds and cores are nearly equal in Germany, whereas the focus in 
the USA according to this estimate is on binders for cores (about 65% of the 
total). In the USA, acid curing furan and phenolic resins, and to an increasing 
extent phenolic/polyurethane systems, are used in fabrication of molds. For 
both countries, ( aqueous) alkaHne resole resin systems for the ester no hake 
process have also been grouped under "no hake phenolic resins". The no hake 
alkyd resin/polyisocyanate process is mainly utilized in the USA for steel 
casting. 

In core fabrication, resins for "cold", energy-saving gas curing processes 
dominate in both countries. The Ieader in this group is the PUR cold box 
process. 

Interna! calculations show that 80,000 tonnes of resins (phenolic novolaks, 
acid curing aqueous phenolic resoles, alkaHne aqueous phenolic resoles, and a 
considerable fraction of ortho-condensed dissolved resoles) are used annual­
ly in the foundry industry in the USA, and 16,000 tonnes in Germany. These 
numbers do not include co-reactants such as acids, hexamethylene tetramine, 
or polyisocyanates. 

Basedon the figures for coremaking sand, 38% of the cores in Germany are 
fabricated using the PUR cold box process, 35-36% with "hot" curing proces­
ses such as the shell molding, hotbox and warm box methods, and 25- 26% by 
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other gas curing processes tagether with a minor volume fabricated with the 
no hake process. 

6.2.1.2 
Hot Curing Processes 

The shell molding and hotbox processes, the warm box method, and the warm 
box-vacuum technique represent hot-curing processes [7]. Considering only 
phenolics, the resin systems used in these processes are phenolic novolak-hexa 
blends as well as various modified and unmodified resoles in which the modi­
fier can represent urea resins, furan resins, or monomerk furfuryl alcohol. 

6.2.1.3 
The Shell Molding Process 

The Croning method [ 8, 9], termed the shell molding or shell process in 
English-language foundry literature, has been applied to series production 
since around 1948. In this process, quartz sand is coated with a phenolic novo­
lak-hexa film at elevated temperatures and the coated sand cured on hot pat­
tern plates or in coreboxes to form shells or cores. Shells represent a special 
type of mold, and are produced nearly exclusively by the shell molding pro­
cess. 

The shell molding method (Fig. 6.105) may be differentiated into two basic 
process stages: 

1. Sand conditioning, i. e., production of free flowing, storable phenolic resin 
coated sand by a) hot coating or b) warm coating 

2. Production of shells, hollow, and solid cores on hot pattern plates or in 
heated coreboxes 

Fig.6.105. Croning(Shell -6-CH
2
-6-

molding) process for making 
cores and molds (schematic 
description) 
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250-280 oc, 1-3 min. 
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6.2.1.3.1 
Sand Conditioning 

Hot Coating 

The washed and dried quartz sand is heated to 120-150 ac. The granulated resin 
(phenolic novolak with a melting point of araund 80-100°C, 2.0-3.5% based 
on sand), which is then added to the mixers, melts and coats the grains of sand. 
The quantity of hexamethylene tetramine (HMTA or "hexa") required for later 
curing of the resin is then added in aqueous solution. The hexa level is 12-14% 
based on resin. The cooling effect produced by the addition prevents premature 
curing of the bind er. Additives such as calcium stearate are incorporated during 
this stage of the coating operation. The added calcium stearate promotes col­
lapse of the sand aggregates in the mixer and serves as a parting agent in mold 
production. The water is driven off by blowing hot air through the mixer. After 
it has passed through a cooling section, the dry, free flowing sand is stored. 

Warm Coating 

In this process, the phenolic resins (novolaks) are used in the form of solu­
tions. The powdered hexa is first added to sand heated to 60- 90 °C in mixing 
equipment. Afterabrief mixing period, the solution of resin is metered in and 
the sand thus coated. At the same time, hot air is blown through the mixer to 
drive out the solvents and water. Calcium stearate is added shortly before the 
end of the mixing period. The coating process is concluded by cooling and 
storing the dry, free flowing molding sand. 

6.2.1.3.2 
Fabrication of Cores and Shells 

The coated quartz sand, with a resin level (including hexa) of araund 
1.6-3.8%, is capable of lengthy storage. It is converted into shells (Fig. 6.106) 
and cores by dumping it on heated pattern plates ("dumping method") or by 
shaping it under pressure ("shooting" or "blowing") in heated coreboxes on 
single-stage, transfer and multistage rotary shooting machines. Depending on 
the thickness and shape of the cores and shells, the curing periods range from 
1 min to 3 min at about 250 ac. In faundry practice, curing is performed at 
temperatures ranging from 180 °C to 350 °C. 

Shells, molds, and cores produced in this manner are not hygroscopic, and 
provide the casting with a high level of dimensional accuracy and surface 
smoothness. Steel, light metals, and copper alloys, in addition to the various 
types of cast iron, are cast in "shell mold packets" ( assembly of shell molds and 
cores). The shell molding process is mainly used to produce castings for auto­
motive, truck, and machine construction, as well as for similar uses. 

The possible workplace emissions of ammonia and phenol experienced 
during production of cores and/or shells by the shell molding process have 
been alleviated by development ofbinder systems which are low in phenol and 
hexa, and thus afford a reduction in the phenol and ammonia levels to well 
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Fig.6.106. Production 
of camshafts by the shell 
molding process 

below the TLV Iimits. The free phenollevels are less than 1% in presently used 
phenolic novolaks. It is furthermore possible to replace hexa-containing novo­
lak systems partially or completely by combinations of novolaks and resoles. 
Resales generally exhibit lower softening points than novolaks. Care must thus 
be taken to avoid blocking and sticking during production and storage of shell 
molding sands made using such resin systems. 

Plant trials have demonstrated that a significant reduction in pollutant 
emissions is in fact achieved when resins exhibiting low Ievels of free phenol 
are used. In these trials, an 80% reduction in the exhaust gas Ievels of phenols 
corresponded to a decrease in the Ievel of free phenol in the hinder from 
araund 5% to less than 1 o/o. 

6.2.1.4 
The Hot Box Process 

The hotbox process [10-13] is the method of choice for mass production of 
cores for gray iron, light metal, and heavy metal casting. In iron casting, unmo­
dified and modified phenolic resoles are mainly used as binders. In light 
metals casting, for example, of aluminum, urea-modified furanresins are the 
binders of choice, and for heavy metals casting ( copper, bronze) straight furan 
resins. In this specific coremaking technique, moist sand mix is first prepared 
using a liquid resin and curing agent (Fig. 6.1 07). This moist molding sand mix 
is then cured at 180-250 oc in heated coreboxes. 

The hot curing with simultaneaus acid catalysis employed in the hot box 
process affords particularly short curing cycles in series production. Complete 
curing of the molding sand mix in the hot coreboxes is furthermore unneces­
sary, since the material may be removed from the coreboxes after it has formed 



Fig.6.107. Hot box process 
for making cores (schematic 
description) 
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a solid outer shell. Final, complete curing takes place outside the coreboxes. 
Rapid curing at elevated temperature is achieved by use of "latent" (hot) 
curing agents. These generally represent salts of strong inorganic and organic 
acids, such as ammonium nitrate coupled with specific additives, dissolved in 
water. The coremaking sand mix is prepared bywetting alkali-free quartz sand 
with the curing agent, and then coating it with the liquid phenolic resin. The 
moist finished molding sand mix, with a true resin level of around 1.4-2.0%, 
may be used for a period of 3-6 h depending on the type of resin, and is con­
verted into cores on single-stage, transfer, or multistage rotary shooting 
machines (Fig. 6.108). The cores are poured off in both sand molds and (in 

Fig.6.108. View of a rotary shooting machine used to increase the productivity ofhot-curing 
coremaking processes, for example, the hot box method 
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aluminum casting) permanent metal molds. Since these hot box cores exhibit 
particularly great dimensional stability, the nominal casting wall thicknesses 
may be more precisely achieved than when other methods are used. The main 
fields of use are in engine castings, the automotive area, and in fabrication of 
fittings. 

A new version of the hotbox method is the hotbox plus process [ 13]. In this 
method, a moist sand mix is prepared with a phenolic resole and curing agent 
as in the standard process, but the blended curing agent additionally includes 
hexamethylene tetramine. The moist sand mix is then cured in the familiar 
manner at 180- 250 ac. The molding sand properties - i. e., rapid curing, high 
strength levels, and good thermal properties of the cores when poured off -
are comparable to those in the hot box process. However, the extremely long 
bench life compared to that in the conventional hot box process is a great 
advantage. This method can mainly be used in iron casting. 

6.2.1.5 
The Warm Box Process 

The "warm box" method [14], in which the curing temperatures range from 
130°C to 180°C and are thus much lower than in the hotbox process, repre­
sents a variant of the latter technique. The curing periods are generally com­
parable to those in the hot box process. Furan resins, albeit highly modified 
ones, are used as binders. Phenolic resoles and novolaks are generally used as 
modifiers. Specific sulfonic acids and/or copper or aluminum salts of these 
[15] are used as (latent) curing agents. The added hinder levels are lower than 
in the hotbox process, and generally amount to 0.9-1.2 o/o based on sand; the 
level of curing agent is 20- 30% based on bin der. 

The two major advantages of this coremaking process over the hot box 
method are the lower energy demand and decreased pyrolytic potential, i.e., 
the reduction in gas evolution and emissions during casting (Fig. 6.109). The 
reduction in emissions is due both to the lower resin levels and to the unique 
structure of these bin der systems. In iron casting, this method is particularly 
useful for production of compact cores, for example crankcase cores. However 
cores from warm box process are slightly higher in moisture sensitivity than 
those of the hot box process. 

Fig.6.109. Comparison of Gas Volume [cm3/g] 
emissions from hot-box and 
warm-box cores at 800 oc 
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A process variant of the warm box technique is the "vacuum warm box pro­
cess." This process allows cores to be produced at temperatures as low as 
70-100°C [16]. Coreboxes in which a reduced pressure can develop when a 
vacuum is applied are used in this method. This reduced pressure differential 
allows pollutants tobe removed directly from the corebox and treated by con­
ventional methods. Phenolic resoles and furan resins may be used as binders 
in combination with specialty curing agents. These specialty curing agents 
may contain materials including copper chloride. When a vacuum is applied, 
diluents and water immediately vaporize, causing a reduction in the pH and 
initiating the eure even at relatively low temperatures. 

6.2.1.6 
Cold Curing with Direct Addition of a Cu ring Agent (No Bake Process) 

In the no hake process, involving cold curing with direct addition of a curing 
agent, cores and molds are produced from self-setting sands in cold coreboxes 
or molding flasks. The most common method involves the use of acid-catalyz­
ed (phenolic and furan) resin systems which eure without application of heat. 
Another option consists of the use of highly alkaline hinder systems - aqueous 
phenolic resoles containing a high Ievel of potassium hydroxide - which are 
cured by addition of specific esters. A third possibility, the PUR no hake 
method, involves curing ortho-condensed resoles with polyisocyanates in the 
presence of amine catalysts. 

6.2.1.6.1 
AcidCuring 

The binders are generally furan resin systems in the acid curing no hake pro­
cess [ 17], in which the eure is brought about by addition of acids, but can also 
represent straight or modified phenolic resoles exhibiting the lowest possihle 
Ievels offree phenol (less than 4.5o/o). 

In the acid-catalyzed no hake process, alkali-free sand is coated with a hin­
der system consisting of an acid-sensitive resin and a curing agent (Fig. 6.110 ), 
and is capable of undergoing eure at ambient temperature; the types of resin 
and curing agent are selected to match the specific production conditions as 
weil as the requirements of special molds or cores. Biending is generally per­
formed in continuous throughput mixers. The molding sand possesses a Iimit­
ed bench life, and gradually eures after being charged into the mold and com­
pacted. The Ievel of free formaldehyde, which should not exceed 0.5 o/o, is pre­
sently an important factor in selection of the phenolic or furfuryl alcohol­
containing hinders. Furan resins, which make up the bulk (around 70-85%) 
of the resins used in this area, have frequently undergone price increases due 
to surges and fluctuations in the furfuryl alcohol prices. Thus, phenolic resoles 
were used as early as 1975. From the very heginning, demands to hold the 
Ievels of free phenol and formaldehyde as low as possible were proposed for 
these products. These demands have, in fact, heen met hy special develop­
ments by various manufacturers. 
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Fig.6.110. No-bake acid 
curing process scheme 
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The molding sands are generally prepared using the following standard 
formulation as a basis (PBW = Parts By Weight): 

- 100 PBW quartz sand 
- 0.7-1.3 PBW resin 
- 0.2-0.6 PBW curing agent 

The dried, alkaline-free quartz sand is wetted with the acid in a mixer, and 
then coated with the liquid resin. The moist molding sand can only be worked 
for a limited period. The length of the limited molding sand bench life, the 
Stripping time of molds and cores, and the time required until the peak 
mechanical strength is reached depend on the level and type of acid used, and 
particularly on the temperature of the mix, in addition to the type of resin. The 
curing times are shortened by increased temperatures and higher acid levels, 
as weil as by the use of stronger acids. 

The most commonly used curing agents include organic sulfonic acids 
(mainly p-toluenesulfonic acid with sulfuric acid levels of 0.5-2 o/o) and phos­
phoric acid. The phenolic resoles used in this case generally possess the fol­
lowing properties: low levels of free phenol and formaldehyde, low water 
levels, a desirable viscosity range, high curing rates upon addition of acid, and 
good elasticity following curing. These ensure good handling, uniform sand 
coating, reliable charging and compaction, remarkably little odor nuisance, 
and a lengthy stripping period coupled with desirable curing times. The high 
strength levels of the cured molding sandpermit low resin metering levels and 
the use of up to 95% reclaimed sand. 

"Reclaimed sand" is generally considered to be quartz sand from a used 
mold or core which has been thermally, mechanically, or chemically regenerat­
ed for reuse. The rich carbon supply and very low nitrogen level of the residual 
phenolic resin binders affords castings of high surface quality. 

A general comparison of the use of phenolic and furan resins in this pro­
cess affords the following summary. The viscosity of the furan resins is lower 
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than that of the phenolics, and is simultaneously less temperature dependent. 
The reclaimed sand from used furan resin-bonded molds or cores is also gen­
erally easier to reuse. If these two points are considered when using phenolic 
resins (reduction of the base viscosity and thermal regeneration of reclaimed 
sand), significant economical and technical advantages are definitely apparent 
in phenolic resins, the latter particularly with respect to meeting the work­
place limits for formaldehyde. 

6.2.1.6.2 
No Bake Curing with Added Esters 

The procedure of the ester no hake process is similar tothat of the acid-cata­
lyzed no hake method with respect to the mixing and other processing opera­
tions. A highly alkaline phenolic resin generally containing up to 25% potas­
sium hydroxide is used as a hinder [18] in the ester no hake process. 

In sand conditioning, 1.5-2% of the highly alkaline phenolic resole (based 
on sand) is first blended into the sand, followed by about 20% of an aliphatic 
ester (based on resin). The reaction between the specific esters or mixtures of 
these with the potassium hydroxide-containing resin leads to curing/setting 
and solidification. Depending on the type of ester or ester blend used, the 
stripping times may be adjusted to 5-30 min. Since the binders are free of 
nitrogen and sulfur, they afford foundry engineering advantages for steel, 
nodular iron, and aluminum casting. This process also offers the advantage of 
relatively low material costs, although it leads to frequently inadequate 
strength levels and leaves a highly alkaline sand which can only be regenerat­
ed or dumped within narrow limits. It is a poor match to a modern, environ­
mentally acceptable fabrication concept. 

6.2.1.6.3 
No Bake Process with Isocyanate Curing 

The polyurethane no hake method, a no hake process using polyisocyanates as 
curing agents [19], is chemically related to the PUR cold box process (see 
below ). In contrast to the PUR cold box process, which is a gas curing process, 
a liquid catalyst (curing accelerator) is used. One reaction component is an 
ortho-condensed phenolic resole diluted with solvents, and the other is a 
diphenylmethane-4,4' -diisocyanate-based polyisocyanate dissolved in similar 
solvents. An amine incorporated into the resin is added to the molding sand as 
a catalyst to aceeierate the eure, i.e., to facilitate rapid eure (Fig. 6.111). When 
the polyisocyanate comes into contact with the phenolic resin, the catalytic 
action of the amine initiates the actual reaction leading to polyurethane for­
mation after a brief initial delay. Figure 6.111 illustrates this process on the 
basis of the compression strength relative to that in an acid-catalyzed process 
(with furan resin as a binder). In the case of the acid-curing molding sand, the 
strength level rises constantly, whereas the polyurethane reaction only pro­
ceeds spontaneously after a certain open time which provides for the shaping 
operation. 
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The hinder system in the polyurethane no bake process is thus composed 
of three parts: 

- Part I ortho-condensed phenolic resole, 0.5-0.8% based on sand 
- Part II polyisocyanate in solution, 0.5-0.8% based on sand 
- Part III catalyst, ab out 12% based on resin 

The rate of spontaneaus eure can be adjusted by way of the catalyst level. In the 
above case involving 12% catalyst, the bench life of the molding sand is ab out 
5 min and the strippingtime about 15 min. 

6.2.1.7 
Gas Curing Processes Using Phenolic Resin Binders 

In "gas curing" processes, one reaction component is introduced in the form of 
a gas, and can produce various effects/reactions (Fig. 6.112). The gas, the addi­
tional component in these processes- which are generally carried out in seal-

Fig. 6.112. Overview Gas Effect Reaction Process 
and principle of gas 
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ed, enclosed systems to permit direct removal of the resulting exhausts - can 
act as a precipitating agent (to set and solidify the product), and a catalyst 
(such as the amines used in the polyurethane process with ortho-condensed 
phenolic resoles), can be transformed into or develop various reactive mate­
rials such as formaldehyde from methylal or formic acid from methyl formate, 
or - in the case of the S02 process - can aid in forming sulfuric acid, which in 
turn acts as the curing agent. In the "resole process" involving the use of high­
ly alkaline potassium hydroxide-containing phenolic resoles which also include 
boron compounds (boric anhydride or borates), C02 similarly functions to 
initiate precipitation reactions. 

The COz-silicate method, which involves the use of an inorganic sodium 
silicatebin der, is noteworthy from an historical viewpoint. This process is very 
environmentally friendly and exhibits relatively low costs. On the other hand, 
the poor collapse of cores after casting, the maisture sensitivity of the C02-

hardened cores, the low strength levels, and the high alkalinity of the resultant 
old sand represent serious disadvantages. 

As a group, the gas curing processes have gained considerable significance 
over the past years due to efforts to save energy and costs in both short and 
long runs of cores. Not only are the hinder levels and thus energy equivalents 
expended in these processes considerably reduced, but the productivity is sub­
stantially increased due to the much shorter cycle times. 

6.2.1.7.1 
The Polyurethane Cold Box Process 

In the polyurethane cold box or amine gassing process, the amine used to gas 
the cores (Fig. 6.113) acts as a catalyst to aceeierate the polyurethane reaction 
of the ortho-condensed phenolic resole with the polyisocyanate. The 
resin/hinder used is produced using catalysts favoring the ortho orientation, 

Fig. 6.113. Polyurethane­
cold-box process- reaction 
equation 
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Fig.6.114. Polyurethane­
cold-box process- scheme 
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for example ones based on cobalt or zinc, and is adjusted to a specific viscosi­
tywith 30-45% ofhigh-boiling solvents such as aromatic and aliphatic hydro­
carbons, esters, ketones, and isophorone. The polyisocyanates used in the pro­
cess represent straight or oligomeric diphenylmethane-4,4' -diisocyanate 
(abbreviated MDI), and are similarly diluted with solvents of the classes men­
tioned above. The overall process (Fig. 6.114) involves first introducing the 
coremaking sand, previously prepared by mixing quartz sand, phenolic resin, 
and polyisocyanate solution, into the corebox by "shooting:' The core is then 
gassed with a mixture of amine in air or C02• The amine represents triethyl, 
dimethylisopropyl, or dimethylethylamine, and is sprayed into the corebox at 
levels of 0.2-1 ml/kg core weight at a pressure of 0.2-2 bar. Residual amine is 
purged out of the core using warm air, and treated in a scrubber containing 
dilute sulfuric or phosphoric acid. 

The polyurethanecold box method [20], termed the Isocure™ process in the 
USA, has achieved considerable importance as a cold gassing method in Euro­
pe during the past 12 years. The process has been criticized due to the odor 
nuisance caused by the amine gassing component during production and stor­
age of the cores. Certain technical disadvantages such as the tendency to form 
glossy carbon due to the high solvent levels are offset by the particularly short 
cycle times, good coremaking sand shootability, and relatively wide range of 
application which represent marked advantages of the process. Thus, this pro­
cess can be used both for fabrication of cores by the corebox method, and for 
production of mold components in boxless casting. Figure 6.115 shows the 
range of mold components used for short series production of a cylinder head 
for racing cars. 

New binders feature low levels of phenol and improved collapse in alumi­
num casting [21]. 

The cold box plus process, in which the corebox is heated to 50- 70 °C [ 22], 
represents an improvement over the standard method. The purpose of the ele­
vated corebox temperature is to evaparate solvents in the surface layers of the 
core, and to increase the crosslinking density and strength of the polyuretha­
ne. This affords advantages including a significant reduction in the process­
specific casting defects inherent in the cold box method. A major advantage of 



Fig.6.115. Technical assembly 
sequence of a boxless mold: 
a = baseplate, b = primary 
core with water jacket core, 
c = oil space core, d = cover 
core (with through riser), 
e = finished mold ready 
for pouroff, with insulating 
plate, f = aluminum cylinder 
head (photo: BMW AG, 
Muni eh) 
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this process relative to the conventional cold box method is the reduced core­
box sticking. However, slightly higher energy costs must be expected in this 
process, thus leading to a total expense which approaches that of the warm box 
process (Sect. 6.2.1.5). 

6.2.1.7.2 
The Methyl Formate Process 

Aqueous phenolic resoles are used as binders (Fig. 6.116) and methyl formate 
as the gassing agent [23] in the methyl formate (MF cold box) process, which 

Fig.6.116. Methylformate 
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is related to the ester no hake method. The highly alkaline phenolic resoles 
contain up to 20% of a hase, generally potassium hydroxide. When gassing 
occurs, the ester saponifies, leading to reactions which liherate the interme­
diate formic acid used to eure and neutralize the hinder, and the methyl alco­
hol hy-product. The curing and setting process is relatively complex. The 
strength levels of the molding materials are generally far lower than those 
achieved in other gassing processes. Certain applications exist in cases where 
these strength levels are adequate, for example, in competition to the sodium 
silicate process, assuming the methyl formate process does not create new 
environmental prohlems. 

This process possesses the advantage that the core shooters generally need 
not he completely enclosed, and that partial exhausting of gases is adequate, 
although treatment of the exhaust gases ( excess ester and methyl alcohol) he­
comes unavoidahle when the levels exceed certain limits. The highly alkaHne 
sand and the fact that no economical methods of exhaust gas treatment exist 
represent disadvantages of the process. Treatment methods such as catalytic 
comhustion are under discussion, although these are relatively uneconomical. 

6.2.1.7.3 
The C02-Reso/e Process 

As in the methyl formate (MF) process, this method makes use of a potassium 
hydroxide-containing resole. The hinder differs from that used in the methyl 
formate process in that it contains horic acid, horates, and other additives [24]. 
Carhon dioxide is used as the gassing agent. When gassed, the coremaking 
sand mix sets due to various solidification reactions. The strength levels of the 
cores fahricated in this manner are identical to those in the methyl formate 
process. The major advantage of this process lies in the fact that no special 
treatment of the exhaust gases is required. The high process alkalinity again 
represents a disadvantage (in reclamation of used sand). 

6.2.1.7.4 
The Acetal Process 

The acetal process is an intrinsically interesting coremaking method, although 
it is more of theoretical than practical utility. In this method, the hinder is a 
resorcinol resin (polyphenol) solution, and a strong acid (mixture of sulfuric 
and p-toluenesulfonic acids) is added to the sand mix. The corehox must he 
held at a temperature of 35-40°C [25]. Gassing is performed with the di­
methylacetal of formaldehyde (methylal). When gassing occurs, the methylal 
decomposes into formaldehyde and methyl alcohol in the highly acidic me­
dium. The formaldehyde reacts spontaneously with the resorcinol hinder. 
This leads to a red coloration of the cores. 

This process is quite interesting in theory, hut presents serious prohlems in 
practice since selective heating of the corehox and the entire sand mix making 
up the core within it, is difficult. 
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6.2.1.7.5 
Other Gassing Processes 

Mention may be made of the epoxy or furan gas curing process using sulfur 
dioxide as the gassing agent. A peroxide such as methyl ethyl ketone peroxide 
or cumene hydroperoxide is added to the molding sandas an oxidizer. Sulfu­
ric acid thus forms when the core is gassed with sulfur dioxide, and initiates 
spontaneous curing of the bin der in the corebox. The binders used in this case 
are either acrylate-modified epoxies or low-monomer (condensed) furan 
resins [26]. The methods arealso known as the Rütapox (or EGH) and Hardox 
(or FGH) processes [27, 28]. 

6.2.1.8 
General Remarks on Core/Mold Fabrication Processes Using Phenolic Resins 

Discontinuous or continuous methods of mixing may be used for core sand 
conditioning and applies to all the processes mentioned here. Limits are 
placed on the mixing procedures by the hinder level, since this varies quite 
widely in the process-specific core sands. The mixing procedure should 
permit uniform distribution even of solvent-free, high-viscosity liquid hinder 
systems on the quartz sand. 

The question as to the extent of success of the cold curing and the remain­
ing hot curing processes on the market and to whether the situation of the 
phenolic resins will be maintained, as well as how "good castings" will conti­
nue to be produced most economically, depends to a large extent on factors 
such as future environmental and workplace legislation, raw material avail­
ability, and the possibility of sand recovery and re-use. Adequate specific data 
on used sand utilization - sand recycling - have been published by Krapohl 
[29] and Boenisch [30, 31]. 

The influence of various fresh core sands on the strength levels of green 
sand reported in the cited papers is of interest. According to these data, sands 
from the shell molding, epoxy-S02 , and PUR cold box processes offer benefits 
contributing to improvement of clay-bonded molding sands without exerting 
an adverse effect on the wet tensile strength of the latter. Krapohl notes that 
two main factors become apparent from a wide variety of individual results: 
interferences and the sensitivity to these. The high alkali levels of the resole 
processes represent such interferences. These present adverse effects both on 
other types ofbinders and even on themselves.A major factor in problem-free 
use of recycled ( thermally or mechanically regenerated) old sand is removal of 
dust fractions, or stabilization of their levels. In practice, it is known that good 
castings of the desired quality may be produced when used sand is reasonably 
utilized, the used sand properties matched to the specific types of core and 
mold fabrication processes in use, and proper logistic procedures applied. 

With respect to raw material availability, products in which renewable raw 
materials are used [32, 33], for example, phenolic by-products from the timher 
industry and cellulose production such as tannin and lignin, are doubtless of 
interest for the binders of the future. 
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6.2.2 
Abrasives 

6.2.2.1 
lntroduction (Grinding, Abrasives} 

Increased process mechanization coupled with automation over the last few 
decades has made grinding processes a vital operation in the manufacture of 
numerous commercial items [1, 2]. 

The historical development of the ahrasives industry is noteworthy hy con­
sidering its evolution from a rudimentary heginning to a relatively mature 
industry. Presently hardly a material exists that has not heen exposed to a 
grinding operation. It can he stated without exaggeration that the ahrasives 
industry represents a hasic huilding hlock for all other hranches of industry. 

Whereas natural stones were initially used as ahrasives, the first syntheti­
cally honded ahrasives were reported at the heginning of the nineteenth cen­
tury. Natural resins and ruhher were used as hinders during the following 
period.A patent on ceramic honded ahrasives dating from 1864 exists. Follow­
ing utilization of the Baekeland patents and founding of the German Bakelite 
Company in 1910, the use of phenolic resins in this market area was first men­
tioned in 1916, andin the following decades gained steadily in importance in 
comparison to the use of other, conventional hinders. Not only are the de­
sirahle high temperature and wear properties of phenolics of importance in 
such applications, hut also numerous other properties such as their high re­
sistance to aggressive chemical reagents, valuahle in wet grinding. 

The process of grinding represents one of the most important methods of 
machining, since it features high rates of material removal, the ahility to hold 
exact tolerances and provide high dimensional accuracy, as well as excellent 
surface quality of the work component. It can he used even in the case of dif­
ficult- to-work materials [ 3]. Consequently the demands placed on the ahrasive 
systems are very great, and include optimal grinding performance and attain­
ment of the greatest possihle precision with high economy and compliance 
with legal workplace and environmental requirements. These demands, as 
well as the wide variety of highly different materials to he worked- iron, steel, 
nonferrous metals, glass, wood, plastics, and others - necessitate a wide range 
of grinding wheels, sections, and coated ahrasives as well as numerous types 
of grinding machines and grinding systems/processes. 

Level metal surfaces result from surface grinding, whereas cylindrical sur­
faces are worked hy cylindrical grinding. A cylindrical work piece is located 
hetween a regulating disc and the actual grinding wheel in "centerless" grind­
ing. Diverse types of grinding machines that vary in their mechanical design 
and applications exist: vertical and horizontal grinders, surface, external and 
internal cylindrical, cut-off, thread cutting, gear cutting, tool, and guide rail 
grinding machines. Wood and wood surfaces are hest treated with coated 
ahrasives clamped on the surfaces of rotating discs in dish or disc sanders. In 
helt sanders, the continuous ahrasive helt travels over two rollers, whereas the 
coated ahrasive is wo und around special rotating rollers in cylindrical sanders. 
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Fig.6.117. Classification of grinding processes in DIN 8859 T 3 

This brief summary only mentions a small selection of grinding methods, of 
which there is a greater diversity in practice. 

Publications such as DIN 8859 T 3 (Fig. 6.117) summarize the above com­
ments on grinding. In this standard, grinding processes are classified into sur­
face grinding, cylindrical grinding, grinding of thread surfaces, grinding of 
gear teeth, profile grinding, copy grinding, and manual grinding [ 4]. 

All of these grinding processes may be associated with grinding wheels or 
bonded abrasives of different design and construction [5]. Some special cases 
are "wet" grinding using coolants and the particularly high-performance 
application of diamond wheels to grind especially hard materials. 

In this field of application, the phenolic resin fulfills the function of a 
largely temporary hinder for both bonded and coated abrasives. The term 
"temporary" in this case indicates a period that should be as long as possible 
to minimize wear to the lowest possible level. This refers in essence to the pro­
perties and high bonding strength of the resin matrix linking the abrasive 
grains, giving particularly great significance to the phenolic resin curing pro­
cess leading to largely void and pore-free binders. Specifically, the abrasive 
grains should remain bonded to the matrix for the Iongest possible time de­
spite thermal stresses during the grinding process. For example, in fettling 
castings or cutting steel, high peak temperatures of up to 800 oc (red and 
white heat) can occur. 

6.2.2.2 
Economical Significance 

The use of phenolic resins for bonding has increased considerably over the last 
decades. In the case of grinding wheels and bonded abrasives, this use largely 
competes with that of ceramic bonding systems. In the case of coated abrasives, 
urearesins and animal glues [ 6] are used in addition to phenolic resins. However, 
phenolic resins dominate in these applications for reasons of quality. 

Table 6.79, showing the growth in production of synthetic resin bonded 
abrasives, largely dominated by phenolic resins used as binders in the form of 
powders or water-borne systems, demonstrates that the competing ceramic 
bonding systems no Ionger enjoy the leading role they played in Germany even 
at the beginning of the 1970s. This has resulted from the increasing do-it-your­
self market demand, requiring greater safety, as well as changes and evolution 
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Table 6.79. Production of bonded abrasives and grinding wheels in Germany from 1987 to 
1995 3 

Bonded abrasives 1987 1991 1995 
tonnes tonnes tonnes 

Ceramic bonding 15,760 15,600 17,280 

Phenolic resin without fiber 6,840 8,040 10,080 
reinforcement 

Phenolic resin with fiber 19,315 25,170 27,140 
reinforcement 

Miscellaneous 2,830 3,260 4,300 

Total Production 44,745 52,070 58,800 

a Source: Verein Deutscher Schleifmittelwerke e.V., Oxfordstrasse 8, D-53111 Bonn, P.O.B. 2466, 
D-53014 Bonn. 

in both the materials to be worked and the various grinding technologies and 
systems. 

Table 6.80 shows the economical development of coated abrasives from 
1987 to 1995, and demonstrates that the total production of abrasive fabric, 
abrasive papers, and vulcanized fiber wheels has increased by ab out 10% 
during this period. Coated abrasives bonded with phenolic resins are partic­
ularly resistant to high temperatures and achieve especially high grinding per­
formance, particularly since multilayer designs for coated abrasives have 
meanwhile opened avenues for increased flexibility. Partialbonding by syn­
thetic resins (animal glue as a base coat, phenolic resin as a sizer coat) also con­
tinues in use, although this composition is reducing in volume, and urea resins 
are used in commodity abrasives for economical reasons. 

Table 6.80. Production of coated abrasives in Germany from 1987 to 1995 a 

Coated abrasive 1987 1991 1995 
1000 m2 1000 m2 1000 m2 

Abrasive paper 27,200 28,020 30,700 
Waterproof abrasive paper 7,800 7,740 7,060 
Abrasive cloth 18,350 20,200 22,100 
Waterproof abrasive cloth 1,270 1,600 1,340 
Abrasive combinations 820 780 690 
Vulcanized fiber grinding wheels 1,620 1,790 1,970 

Total production 57,060 60,130 63,860 

a Source: Verein Deutscher Schleifmittelwerke e. V., Oxfordstrasse 8, D-53111 Bonn, P.O.B. 2466, 
D-53014 Bonn. 
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6.2.2.3 
Grinding Wheels (Ciassification, Definitions) 

Grinding wheels or bonded abrasives (Fig. 6.118) may be classified/named and 
defined according to various aspects or technical parameters: 

1. Type of fabrication, for example cold, warm, or hot pressing 
2. Type of abrasive, for example, refined corundum, boron nitride (CBN), dia-

mond, or others 
3. Type of specific physical property, for example, highly compacted 
4. Type of bonding, for example, with phenolic resin 
5. Type of use, for example, cutting, roughing, working, or polishing 
6. Type of article to be ground, for example, roHer grinding 
7. Type of grinding process, for example, swing frame grinding 

For example, the question as to whether direct curing (hot pressing) or a two­
stage method (separate shaping and curing operations) is used in fabrication 
of phenolic resin bonded grinding wheels and abrasive segments is of signifi­
cance, and is reflected in the density of the wheel as well as the application 
characteristics. The hot pressed wheels are also post cured. It should be noted 
that a variety of phenolic resin systems can be used in the various fabrication 
methods, whether these involve cold pressing followed by optimal curing of 
the "green" shape using specific time/temperature programs, or simply hot 
curing from the very beginning. The basic process conditions, affording cold 
or hot pressed wheels, are generally only feasible when the proper selection is 
made. 

A second possibility of characterization is to term grinding wheels accord­
ing to the abrasive used in them, the actual "tool" in the abrasive composite. 
The hardness of the abrasive "tool" largely determines the use to which the 
bonded abrasive is put. Thus, grinding wheels made with the particularly hard 
abrasives diamond or boron nitride are named after these, and called diamond 
or boron nitride wheels. The grinding performance can also be significantly 
influenced in such bonded abrasives by selection of a specially designed phe-

Fig.6.118. Selection of 
various grinding wheels and 
bonded abrasives (photo: 
Tyrolit Schleifmittelwerke 
Swarovski K.G., Schwaz, 
Austria) 
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nolic resin or system. The expert or abrasives' user already recognizes 
where a bonded abrasive can be used and what materials can be worked with 
it (in the case of CBN and diamond mainly hard, difficult-to-work materials) 
when it is named according to the abrasive used, for example, in the case of 
"diamond" or "CBN" wheels. 

Furthermore, it is also common to name grinding wheels according to spe­
cific physical or chemical properties, for example, to caH them "high density" 
wheels, meaning that they exhibit particularly great strength due to their high 
level of compaction, and thus are suitable for heavy-duty work. Grinding 
wheels or bonded abrasives intended for use with aggressive coolants are fre­
quently labeled or rated for "wet grinding." In principle, this means that the 
binder, for example, a phenolic resin, is particularly resistant to chemical 
attack, a property that can be achieved by use of specific resin systems and 
abrasive additives such as silanes. 

The range of properties and thus the definition of a grinding wheel or bond­
ed abrasive may also be classified according to the type of bonding. The 
design of the grinding wheel indicates (see below) that the hinder can be inor­
ganic in nature or represents one of the various types of organic binders. This 
results in grinding wheels being termed ceramicaHy bonded wheels, synthetic 
resin or "Bakelit" wheels, and wheels of several other less important varieties. 
In the case of "Bakelit" or phenolic resin bonded wheels, it should be noted 
that a special group of phenolics, the "Bakelite® SP" or "Bakelite SW" resins 
(commercial names of Bakelite AG, Iserlohn, Germany), are used in their 
manufacture. Bakelit without the "e" and capitalized is the German name of 
the product- in English the spelling is bakelite with an "e" and not capitalized. 
The name of the company is with the "e" and always capitalized. 

The application can also be reflected in the grinding wheel designation, for 
example in the terms "roughing wheel" or "cutting wheel;' indicating that 
these products are used for working or separating/cutting purposes. Fettling 
of a work piece is also a type of"working:' In the steel industry, for example, 
fettle grinding is used to remove scale from blocks, billets, slabs, or blooms on 
automatic machines. Cutting wheels, in turn, can be used to section bar steel. 
A grinding wheel and its use can be designated according to the type of article 
to be ground or the grinding process. Clear-cut differences between the two is 
sometimes not apparent; naming according to a combination of the two is 
sometimes possible. Examples are wheels for wet roHer grinding or for fettling 
with swing frame grinders. In these examples, the articles are the steel mate­
rial or the roHer in the rolling mill, and the process swing frame grinding or 
wet grinding. These indicators of the process, or article to be ground, in turn 
imply specific (phenolic) resin systems that are used to produce bonded ab­
rasives or grinding wheels of optimal efficacy in the indicated process or 
article-related applications. 

The above remarks are designed to illustrate common definitions and 
simultaneously emphasize that phenolic resin bonding is of considerable im­
portance in the design of grinding wheels ( cf. next section), and that a lang 
road of grinding wheel, grinding system, and grinding process development 
has led to the current technical advances. The range of current liquid and 
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powdered phenolic resins for production of grinding wheels and bonded 
abrasives can be quite diversified. 

6.2.2.4 
Grinding Wheel Design, Bonded Abrasives (Composition and Stresses) 

According to DIN 69100, the design of a grinding wheel is characterized by 
three basic elements among others that are shown in Fig. 6.119: 

1. Grinding material (abrasive) 
2. Binder that unites the abrasive grains (Figs. 6.120 and 6.121) 
3. Structure dictated by the ratio of bonded abrasive grain to pores 

The bonded abrasive is also characterized by specifying its hardness, defined 
as the resistance to separation of the abrasive grain from the bond of the 
binder/grain structure. DIN 69100 specifies a pertinent (Norton) hardness 
scale, according to which E-G represents very soft, H-K soft, L-0 medium 
hard, P-R hard, T-W very hard, and X-Z extremely hard. 

An additional characterization parameter is the structure of the bonded 
abrasive, 1-2 representing very compact, 3-4 compact, 5-8 medium, 9-11 
open, and 12-14 very open. 
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Fig. 6.120. Scanning electron 
micrograph of a phenolic 
resin bridge as a bond for 
the abrasive grain 

Fig.6.121. Polished surface of 
a grinding wheel showing 
the structure (photo: Tyrolit 
Schleifmittelwerke Swarovski 
K.G., Schwaz, Austria) 

The structure of the bonded abrasive defined in this manner (ratio of abra­
sive grain/bin der volume to pore volume) influences the bonded abrasive 
hardness and is far from negligible. Further pertinent parameters are the type 
of binder, the hinder Ievel, the type of filler, and (particularly in the case 
of phenolic resin bonded abrasives) the curing program whose temperature 
gradient partially determines the Ievel of hardness. 

Most bonded abrasives currently contain electrically fused corundum 
(Al20 3) or silicon carbide (SiC) as the abrasive grain. Crystalline aluminum 
oxide (a-Al20 3) is obtained from electrical fusion of bauxite to yield normal 
corundum (NC) or from purified alumina to yield refined corundum (RC) 
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with an Al20 3 content of more than 99 wto/o. Silicon carbide (a-SiC) is pro­
duced by heating quartz and coke tagether in an electrical resistance furnace 
at approximately 2000°C. 

Silicon carbide grains are primarily used to grind very hard, brittle mate­
rials such as stone, glass, ceramics, or tungsten carbide. In special cases, ab­
rasive materials or abrasives such as zirconia corundum, diamond, boron car­
bide, and boron nitride are used to meet exceptionally high requirements. 

Fillers are used in the resin matrix to increase the strength level, heat re­
sistance, toughness, and hurst resistance, as well as for other purposes. Com­
bining abrasive and resin hinder helps to achieve desirable grinding wheel 
properties such as cool and smooth grinding. Fillers that are currently favor­
ed are cryolite, pyrite, zinc sulfide, lithophone, calcium fluoroborate, calcium 
sulfate, and calcium chloride. The previously used antimony trisulfide and 
lead chloride are rapidly being substituted by materials such as special iron 
halides. Basic oxides such as calcium and magnesium oxides are also recogniz­
ed as curing accelerators when phenolic resins are used as binders. However, 
calcium oxide is not suitable for use in wet grinding wheels because of its 
ability to undergo hydrolysis. 

Binders are essentially classified into inorganic and organic bonding 
agents. Inorganic bonding is produced with ceramic, silicate, magnesite, and 
sintered metal (steel, bronze, or tungsten carbide powder) binders. 

Aside from synthetic resins (mainly phenolics, with epoxies, polyester, or 
polyurethaneresins to a lesser extent), ruhher and shellac are used for organic 
bonding. Ceramies and synthetic resins represent by far the most important 
types of binders. 

Ceramically bonded abrasives feature high natural porosity and enable 
cool, dry, and wet grinding. They are very brittle. They behave as rigid bodies, 
and follow the motions of the machine precisely during the grinding opera­
tion. Thus they are especially suited for profile and precision grinding at peri­
pheral speeds normally ranging up to 45 m/s andin special cases up to a maxi­
mum of 80 m/s. The ceramic hinder components are generally various grades 
of feldspar, kaolin, various types of clay, and fluxes in the form of glass frit. 
These are processed using the pressing or casting method. Ceramic bonding 
requires relatively high firing temperatures ranging between 1000 oc and 
1400°C. 

In contrast, synthetic resin (specifically phenolic) bonded abrasives are 
considerably less sensitive to impact, shock, and lateral pressure. Their super­
ior strength properties permit higher grinding wheel speeds and better grind­
ing performance. They are primarily suitable for roughing and cutting wheels; 
their elasticity (modified phenolic binders) also renders them especially 
appropriate for bonding abrasives used in fine grinding and polishing opera­
tions. Synthetic resin bonding has gained in importance over the past decades 
( cf. "Economical Significance") and presently ranks higher than ceramic 
bonding in importance. 

The viscoelastic properties of phenolic resin and ceramic binders are sche­
matically compared in Fig. 6.122. The vibrational frequencies show that the 
bonding properties of the synthetic/phenolic resin system represent a healthy 
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Fig.6.122. Comparison of 
ceramic and synthetic resin 
bonding ( oscillation graphs) 
(from [3]) 

Cracks 

Hard, Brittle I Rigid, 
Low Dampening, 
High Thermal 
Resistance: 

~---Binder 

:,~::---- Temperature 

Shocks 

Binder Soft. Viscoelastic, 
Properties High Dampening, 

LewThermal 
Resistance: 

compromise hetween those in low dampening, hrittle ceramic honding and 
viscoelastic ruhher honding. Ceramically honded ahrasives tend to develop 
cracks when exposed to shock, whereas resin honded materials with their 
elastic nature suffer at most grain displacement upon experiencing shock. The 
properties of the honded materials, particularly those specific to grinding 
technology, may he varied hy addition of fillers. The fillers are liherated hy 
attrition of the hinder framework during the grinding process due to melting 
or vaporization caused hy the high temperatures arising in the contact zone. 
Formation of a luhricating film and chemical reaction with the freshly-formed 
metallic surface reduce the level of friction and the grinding temperature, 
acting to prevent structural alterations in the work piece. 

The properties of grinding wheels and honded abrasives are governed by 
the following factors [7, 8]: the dimensions of the grinding wheel, the type and 
size of the abrasive grains, the level and type of filler(s), and the strength of the 
(phenolic resin) hinder as well as its resistance to separation of the abrasive 
grain from the composite during the grinding process. 

Figure 6.123 illustrates the nature of the chip-cutting process that occurs 
during grinding on the basis of a section of the peripheral zone of a honded 
abrasive [3]. The chips are formed by removal from the work piece with a 
variety of cutting, rake, and clearance angles at high cutting speed hy the ahra-
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Fig.6.123. Peripheral zone of 
a grinding wheel (from [3]) 

Direction of Rotation 

Work Piece 

sive grains. During this procedure, very complex physical and chemical pro­
cesses involving the material of the work piece and the composite of abrasive/ 
bonding matrix take place at temperatures of around 1500 °C in the micro­
scopically small interface between the grain and the work piece. Plastic and 
elastic deformations of the work piece and the bonded abrasive occur at very 
brief intervals, and result in chip formation, grain breakage, and degradation 
of the hinder accompanied by generation of heat and dust. A wide variety of 
formulations, of which the following composition only represents an illustra­
tion [9, 10], exists to ensure that the grinding wheel or bonded abrasive (par­
ticularly when phenolic resin is used as a binder) is optimal for use in a gen­
eral or specific application in the various grinding systems: 

- Abrasive grain - consists of 65-95 o/o of the total, contains natural ( corun­
dum) or synthetic materials (boron nitride) 

- Binder - consists of 5-20 o/o of the total, contains various combinations of 
liquid and powdered, straight or modified phenolic resins; powdered phe­
nolic resins combined with special wetting agents such as furfural; or low 
melting phenolic resin combined with powdered phenolic resins 

- Filler- consists of 0-20 o/o of the total, includes mainly cryolite, pyrite, anti­
mony oxide and zinc sulfide with a variety of other products 

- Reinforcing fabric - grinding wheels may be reinforced with glass fabric 
impregnated with phenolic resin 

6.2.2.5 
Liquid and Powdered Binders (Phenolic Resins) 

In manufacture of grinding wheels - as noted in the above remarks - both 
aqueous phenolic resoles and powdered novolak!hexa-based phenolics are 
used as binders for the abrasives in the system. 

In this case, the liquid phenolic resins fulfill multiple functions (Table 6.81). 
They fix the powder resin and fillers on the abrasive grain, anchor the bonding 
matrix (after curing) to the abrasive grain, provide green strength to cold­
pressed moldings, and influence the flow properties of the resin system during 
the curing process. The various aqueous phenolic resoles used as wetting 
agents can be highly alkaline, weakly alkaline, or neutral (for example resins 
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2-4 in Table 6.81 ), and can differ greatly from one another in their degrees of 
condensation. Their viscosities thus generally range around 500-4000 mPa · s 
at 20 oc, and the level of nonvolatile components normally varies between 70% 
and 80%. The quality of the liquid resin affects the strength level and grinding 
performance of the overall system, and the pourability and storage stability of 
the grinding wheel mix during its production. Furthermore, neutral phenolic 
resoles exert an influence on the wet grinding performance that is far from 
negligible. 

Phenolic resoles exhibiting a low degree of condensation and containing 
a high fraction of free phenol display a particularly high powder absorp­
tion capacity, provide the mix with high adhesion and green strength, and 
thus afford wheels with very high strength and dry grinding performance 
levels. The use of highly condensed phenolic resoles (for example resin 2 in 
Table 6.81) affords superior processing properties with respect to the storage 
stability and pourability of the mix. Phenolic resoles exhibiting free phenol 
levels below 5% were developed for environmental reasons and to im­
prove the pourability and storage stability of grinding wheel mixes. How­
ever, they generally lead to a reduction of about 10% in the grinding per­
formance. 

Furfural, which undergoes crosslinking in the presence of a calcium oxide 
catalyst, is best used instead of phenolic resoles as a grain wetting agent in 
manufacture of highly compacted grinding wheels and bonded abrasives pro­
duced using the cold and hot pressing methods. Other anhydrous reactive 
compounds are cresols, creosote, and anthracene oil. 

The bulk of the phenolic resin bonding matrix is made up of finely milled, 
powdered phenolic resins that contain hexamethylene tetramine as a curing 
agent, and can be modified with various materials such as polyvinyl butyral, 
low and high molecular weight epoxy resins and rubber (resins 6 and 7 in 
Table 6.82). Moreover, the properties of the phenolic powder resins are signi­
ficantly affected by the degree of condensation of the phenolic novolaks, i. e., 
their melting range and flow properties, and the fraction of hexamethylene 
tetramine. It can range between 4% and 14%. Variation of the hexa Ievelleads 
to changes in the crosslinking density produced during eure, which in turn has 
a significant effect on the strength and hardness of the grinding wheels and 
bonded abrasives. For example, a softer grinding wheel formulation is re­
quired for grinding operations performed on temperature-sensitive material, 
where the work must be performed without excessive heat development. Use 
of powder resins exhibiting hexa levels below 6% (resins 1 and 2 in Table 6.82) 
is desirable in such cases. In contrast, grinding operations carried out under 
high pressure coupled with great thermal stress require the use of bonded 
abrasives with a highly crosslinked bonding matrix. This is obtained by use of 
hexamethylene tetramine levels of 12-14 wt% (for example in resin 4 of 
Table 6.82). 

Since the phenolic hinder is intrinsically relatively brittle, elastomer-modi­
fied novolaks function as the powder resins in special fields of application, for 
example, to achieve particularly high hurst resistance levels in high-speed 
grinding wheels or to withstand high thermal shock stresses. Polyvinyl bu-
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Table 6.82. Powder resins for production of grinding wheels and bonded abrasives -unmodi-
fied, modified and low-dust products • 

No. Powder resin Hexalevel Flow distance Used for 
(ISO 8988) (ISO 8019) 

Novolak!hexa approx.4% 60to80 mm Very soft bonded abrasives, 
with long flow high filler Ievels, best for wet 
distance grinding 

2 Novolak/hexa approx.6% 45 to60mm Soft bonded abrasives with 
withlong or 15to25 mm high or low filler Ievels, 
short flow distance particularly for wet grinding 

3 Novolaklhexa approx.9% 30to40mm Wide range of applications 
withmedium 15 to 20 mm (standard resin), particularly 
or short flow for cold and hot pressed 
distance wheels used for dry grinding 

4 Novolaklhexa approx.14% 45 to 60 mm Cold and hot pressed wheels 
with long or short 15 to25mm used for dry grinding; offers 
flow distance high thermal stability 

5 Novolak/hexa, approx.8% 30 to 40 mm Elastomeric modification of 
polyvinyl acetate 12to 15 mm the resin bonding Matrix to 
modified, with achieve high hurst resistance 
medium or short Ievels in dry and wet grinding 
flow distance 

6 Novolak/hexa, approx.9% 30to40 mm Very high elastomeric 
epoxyresin 15 to20mm modification, particularly in 
modified, with cold and hot pressed, glass 
medium or short fiber-reinforced wheels 
flow distance 

7 Novolak/hexa, approx.8% 20 to 30 mm Elastomeric modification of 
rubber modified, 15 to 20 mm the resin bonding matrix, 
with medium or particularly in bonded 
short flow abrasives used for wet 
distance grinding 

8 Novolak/hexa, Various Ievels Various flow Major reduction in dusting 
with antidusting distances 
additive 

• Source: Bakelite AG, Iserlohn, Germany. 

tyral, various types of rubber, and high molecular weight epoxy resins - in­
cluding "phenoxy resins" - have been successfully used as modifiers. 

Aside from phenolic resins, which afford a relatively brittle phenolic 
bonding matrix, other hinder systems of lesser importance - such as shellac, 
epoxies, polyester resins, alkyds, or polyurethanes - are also used to achieve 
specific grinding effects, for example, in polishing. 

As is typical in technology involving mixing processes, the production of 
grinding wheels and bonded abrasives makes use of a wide array of additives 
employed for purposes such as to improve the pourability and storage life of 
the mix, and reduce to a minimum the clumping tendency of the wet grinding 
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Fig.6.124. Dustmeter used to determine the dusting properties of powdered resins (technical 
data: sample weight 100 g, test duration 5 min, 30 rpm, air flow 0.251/s,generating pot volume 
2.50 1), source: Heubach Engineering GmbH, Langelsheim, Germany 

wheel mix. Powdered additives and silica or derivatives, due to their uniform 
and low particle size, coat the granulate, thus improving the pourahility and 
storage stahility of the mix. 

On the suhject of minimizing dust, powder resins containing a homog­
eneously dispersed antidusting agent as an additive [11] were recently com­
mercialized (for example, resin 8 in Tahle 6.82). When examined in a dust 
meter (Fig. 6.124), these new powder resins exhihit reduced Ievels of dust 
which can approach zero depending on the concentration of antidusting 
agent. 

A new method for the production of grinding wheel mixes [12, 13] in­
volving the use of an anhydrous resin system as a wetting agent has recently 
gained attention (Fig. 6.125). The ahrasive grain is heated to around 130°C, 
charged into a high-shear mixer, and a special, relatively low molecular weight 
novolak pre-heated to 100-130°C (which hehaves like a low-viscosity liquid 
hinder at the indicated temperature) is first added in portions to wet the grain. 
The customary powder resins, fillers, and, if appropriate, additional hexa are 
then added. The novolak melt, powder resin, and fillers can then he reapplied, 
thus permitting formation of multiple coats. This assures uniform, coated 
granular particles, resulting in a storage-stahle, hunkerahle, and dust-free 
grinding wheel mix after discharge from the mixer. The advantages of this 

Fig. 6.125. Flow chart of the 
hot coating method for 
production of grinding wheel 
mixes (from [13]) 

Novolak Melt 
(1 00' - 1 30' C) 

I 
3 Portions 

' 
Phenolic Resin 

With Hexa, Fillers 
(Ambient Temperature) 

I 
3 Portions 

' Abrasive Grain (1 00' - 130' C) in Cold, Unheated High-Shear Mixer 

Free-Fiowing Granulate 
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special warm coating method include a very low level of free phenol, storage­
stable, dust-free mixes, a particularly homogeneaus filler distribution, short 
mixing times, considerably shorter curing programs than those required for 
conventional mixes, and reduced emissions. The mixes are generally warm 
pressed, although cold pressing is also possible when specific pressing condi­
tions (high compression force) are employed. The resin system and the 
"warm" or "hot" coating method described in this case are similar to those 
employed in the "warm" mixing method used to manufacture refractories ( cf. 
section on refractories, Sect. 6.4.1). 

6.2.2.6 
Cold Pressed Cutting and Roughing Wheels 

Phenolic resin bonded abrasives are insensitive to impact, shock, and lateral 
pressure. Their outstanding strength properties permit high er grinding wheel 
speeds and increased grinding performance. Therefore they are primarily 
used in production of roughing and cutting wheels, that are - as the terms 
imply - intended or used for cutting (Fig. 6.126) or working ("roughing", 
Fig. 6.127) surfaces and the like. The wide variety of demands made on bond­
ed abrasives and their bonding matrix are material-related as well as depen­
dent on the type of grinding and grinding conditions (pressure, speed, and 
temperature). The specific grinding machine and its requirements, and not 
least the purpose of the grinding operation, are also of importance. 

In production of a cold pressing mix, the abrasive grain is first wetted and 
coated with a thin film of a resole-type liquid resin or, in special cases, using 

Fig.6.126. Grinding opera­
tions - cutting (photo: 
Tyrolit Schleifmittelwerke 
Swarovski K.G., Schwaz, 
Austria) 



Fig.6.127. Grinding operations 
- surface grinding (photo: 
Tyrolit Schleifmittelwerke 
Swarovski K.G., Schwaz, 
Austria) 
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furfural and/or furfuryl alcohol as a wetting agent. The powder resin is then 
blended into the wet abrasive grain, and fillers also added in most cases. The 
powdered raw materials thus "stick" to the abrasive grain. The weight ratio of 
liquid to powder resin depends on the particle size and distribution of the 
abrasive grain used, the type and level of added filler, and on the viscosity 
of the liquid resin or wetting agent employed. A high filler addition level re­
quires a higher level of liquid resin. The thickness of the coating on the 
grains depends on the viscosity and level of liquid resin or wetting agent. The 
ratio of liquid to powder resin rang es from 1 : 2 to 1 : 4; when furfural or a 
furfural!anthracene oil blend is used, the liquid to powder ratio is 1:6-1:8. 
Satisfactory homogeneaus mixing processes uniformly mix the entire compo­
sition without fracturing or causing attrition to the abrasive grains. 

The mixing time is 2- 5 min. The level of powder resin bound to the abra­
sive grain passes through a maximum. When the mixing time is too long, the 
dang er of coating attrition exists and excessive heating of the mix can lead to 
undesirable precuring. The actual mixing process proceeds in the following 
manner (Fig. 6.128 ). The abrasive grain is pre-mixed, since it generally consists 
of multiple particle fractions, and the wetting agent then added. The powder 
resin, if appropriate in combination with the fillers, is then blended in. Near 
the end of the mixing process, the charge should develop into a uniform, 
slightly plastic but free-flowing mixthat should not be excessively moist, but 
remains free of dust. Particularly high levels of uniformity and pourability are 
required for efficient processing by automatic machines. Low-alkali and al­
kali-free liquid resins are preferred (for example, resins 3-5 in Table 6.81}. 

To avoid contaminating of the mixer and lengthy cleaning operations, the 
work should be performed with two mixers. The abrasive grain is wet with the 
liquid resin in one mixer. The moist mass of abrasive grain and liquid resin is 
then charged into a second mixer already containing the blend of powder resin 
and filler. If the mix is too moist or dry, either condition may be corrected with 
specific additives. 
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Fig. 6.128. Flow chart of the 
fabrication process used 
to manufacture cold-pressed 
grinding wheels 

Mixture 1 

75% Abrasive Grain 
5% Liquid Resin 

Totai100% 

Mixing Process 
(Add Mixture 1 to 

Mixture 2) 

Mixture 2 

12% Powder Resin 
8% Fillers 

........................ j Glass Coth Inserts 

Cold Pressing 

Cu ring 

Grinding Wheel 

lt is general practice to store the finished (screened) mix for several hours 
to allow it to "mature" before compression molding. However, this assumes 
that the mass does not tend to aggregate or solidify, as occurs with mixes using 
wetting agents such as furfural. 

The compression molding mix is charged into appropriate molds for shaping. 
Special turntables are used in production of large-size wheels to ensure that the 
distribution of the mix in the mold is as uniform as possible. In some cases, steel 
rings are molded into the grinding wheels to increase their stability and strength. 

Pressing is accomplished in hydraulic presses (Fig. 6.129) with a compres­
sion strength of 15-30 N/mm2• The required compression strength depends on 
the effective plasticity of the grinding wheel mix and the desired degree of 
compaction. However, the compression strength should not darnage the abra­
sive grains. The compression molding mix is normally pressed to yield a pre­
determined density, i.e., a specific volume for a certain type of grinding wheel. 
The pressing time depends on the dimensions and shape of the wheel body, the 
particle size and distribution of the mix, and its plasticity. The pressing time 
rang es from 5 s to 50 s. The green grinding wheels produced in this manner are 
stripped and subsequently transferred to a curing oven. The curing process [ 1] 
is most frequently carried out discontinuously in chamber ovens, less com­
monly as a continuous operation in tunnel ovens. It is particularly important 
that the green grinding wheels be properly positioned in the curing oven to 
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Fig. 6.129. Production of grinding wheels on hydraulic presses (photo: Krebs & Riede!, Bad 
Karlshafen, Germany) 

ensure that air can adequately circulate between the individual grinding wheels 
and provide for even temperature control from all sides. The grinding wheels 
are placed on porous ceramic plates or on perfectly flat steel sheets. lt is impor­
tant that a uniform temperature be maintained. Indirectly heated curing ovens 
operated with gas or electricity, with automatic program controls, forced air 
circulation, and a fresh air feed have been used with good success for fabrica­
tion of high-quality bonded abrasives. The selection of an appropriate curing 
program (Fig. 6.130) depends on a variety of factors. These specifically include 
the wheel dimensions, grinding wheel (open or compact) structure, levels of 
bin der and filler, and the specific properties of the bin der system. 

The general design of the curing programs must be such that they consider 
the various resin and curing parameters during the heating phase. 

1. At a temperature of about 80 °C, the resin has generally been transformed 
into a fused mass, and the water contained in the resole is liberated when 
the resole begins to eure. 

2. At a temperature of about 110 °C, the hexamethylene tetramine begins to 
decompose, initiating eure of the fused powder resin and leading to Iibera­
tion of gas, particularly ammonia. 

3. At temperatures up to about 180 °C, final consolidation of the structure and 
maximum crosslinking of the phenolic resin takes place. The bulk of the 
ammonia is liberated during this period. However, overcuring must be 
avoided since overcured wheels exhibit reduced strength levels; the final 
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temperature level (165-170 °C, 175-180 oc or 185-195 °C) has a consider­
able effect on the final properties of the bonded abrasive (hardness, tough­
ness, brittleness). 

It is possible to develop optimal curing programs permitting co-curing of re­
sole and novolak systems from temperature-time plots of the emissions liber­
ated during curing ofbonded abrasives or grinding wheels (Fig. 6.131). Deter­
mination of the emissions liberated during curing can also lead to develop­
ment of faster curing programs that are primarily applicable tothin wheels. In 
the case ofthin wheels, it is unnecessary to provide a holding period at 80 oc; 
instead, the temperature may be directly increased to 110 °C in order to avoid 
premature through curing of the resole fraction and instead produce simulta­
neous curing of the resole and the novolak. As shown by Fig. 6.131, a phenol 
peak with a maximum at 110 oc is then obtained. The ammonia emission also 
shows that decomposition of the hexa proceeds parallel to the emission of 
phenol, a further indication that the resole and novolak eure together. The 
simultaneous eure of resole and novolak yields a homogeneous structure that 
is reflected by Ionger usefullife and increased grinding performance levels. 

After curing is complete, the wheels are gradually cooled to 50-60 oc by cir­
culating air in the closed oven. The oven is only opened and the wheels re­
moved after this temperature has been reached. 

Standard powder resins (for example resin 3 in Table 6.82) classified accor­
ding to narrow flow distance ranges as defined in ISO 8619 (15-20 mm, 
20-25 mm, 25-30 mm, 30-35 mm, and 35-40 mm) have been used with par­
ticular success for production of cold pressed cutting and roughing wheels. 
Such standard resins, which are also marketed as dust-free versions [ 1, 11, 14], 
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can be supplied to precise specifications, especially with respect to the levels of 
hexa ( approximately 9 o/o) and free phenol (less than 0.5 o/o ). Powderresins with 
hexa levels ranging between 4 o/o and 7 o/o are used to produce especially soft 
wheels. In contrast, extremely hard versions are produced with powder resins 
exhibiting hexa levels of 13-15% (for example resin 4 in Table 6.82). 

Both alkali-containing and alkali-free liquid resoles (for example resins 4 
and 5 in Table 6.81) are used to wet the abrasive grain for cold pressed grind­
ing wheels. The latter grades are particularly satisfactory to achieve good 
pourability and high storage stability in mixes for processing by automatic 
machines (Fig. 6.132, Table 6.83). 

Epoxy-modified phenolics with epoxyresin levels of up to 15% are used for 
cutting and roughing wheels with high hurst resistance. 

6.2.2.7 
Production and Use of Glass Fabric Inserts 

Reinforcement of bonded abrasives with wide-mesh fabric prepregs made 
with glass filament yarn [15, 16] has been found tobe a successful method to 
achieve increased grinding speeds and thus improve grinding performance 
while simultaneously meeting safety demands, since such materials best meet 
the increased demands on strength. It may be noted that other materials such 
as bulk fiber, mats, and woven cotton, rayon, or Aramid®-based fabric can also 
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Fig.6.132. Automatie com­
pression molding of cutting 
and roughing wheels (photo: 
Tyrolit Schleifmittelwerke 
Swarovski K.G., Schwaz, 
Austria) 

Table 6.83. Mixture for production of grinding wheels on automatic machin es (from [ 1]) 

75.00%w/w 
5.00% w/w 

12.00%w/w 
3.40%w/w 
4.60%w/w 

Abrasive grain, standard particle size 30 
Low-alkali liquid resin (for example no. 3 in Table 6.81) 
Powder resin 
Pyrox,red 
Cryolite 

be used as reinforcement. Weaves that have been found particularly appro­
priate for reinforcement (Fig. 6.133) are the linen (plain), basket, and leno 
weaves. The yarns used in such cases may be silanized to achieve improved 
bonding with the fabric. The impregnating resin (Table 6.84) should exhibit 
good wetting power and adhesion to the glass fabric, while simultaneously 
offering compatibility with the grinding wheel mix so that co-curing of the 
resin and the mix yields particularly high strength following the curing pro­
cess. Both phenolic resoles (resin A in Table 6.84) and solutions of relatively 
highly condensed novolaks (resin B in Table 6.84) containing hexamethylene 
tetramine as a curing agent are used. Resoles generally afford high prepreg 
flexibility and feature good adhesion to the fabric. Novolaks increase the stor­
age life of the glass fabric prepregs. Hexa-free phenol/novolak solutions are 
also used (resin C in Table 6.84) in practice, and solid novolaks (resin D in 
Table 6.84), with which impregnating solutions may be prepared as indicated 
by the suggestions in Table 6.85, similarly offered for this purpose. 

Fig.6.133a-c. Examples 
of weaves: A linen (plain); 
B basket; C leno weave 
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Table 6.84. Resin solutions (resoles and novolaks) for impregnation of glass fabric inserts 
(from [1]) 

Resin Chemical Delivery Non- Density Viscosity Gel time Flash Solvents 
characteri- form volatiles at 20 oc at 20 oc at 130 oc min point 
zation at 135 oc mPa·s mPa·s (ISO 8987) oc 

(ISO 8618) (ISO 2811) (ISO 9371) (IS02719) 

A Modified 70%in 70±2 1.12±0.01 500± 100 12±2 <16 Alcohols, 
phenolic- methanol ketones 
resole 

B Modified 65%in 66±2 1.08±0.02 300± 100 20±3 <16 Alcohols, 
phenolic- methanol ketones 
novolak 

c Phenolic- 75%in 75±2 1.13±0.01 1000±200 <16 Alcohols, 
novolak methanol ketones 

Viscosity 
Free at 150 oc 
phenol% mPa·s 

D Phenolic- Granulated <0.2 400±40 Alcohols, 
novolak solid resin ketones 

The phenolic resin must meet various basic requirements: the curing time 
must be matched to the reactivity of the resins in the grinding wheel mix, 
"windowing", i. e., surface proliferation of the resin film between the fabric 
meshes, should be absent after impregnation and subsequent drying, and the 
prepreg should be stable in storage, remaining tack-free and flexible over a 
lengthy period. In the impregnating process, the glass fabric is passed through 
the resin solution by means of dipping, excess resin removed with rollers, and 
the prepreg dried to a tack-free state by steadily increasing the temperaturein 
a drying oven. During this process, the temperature of the impregnating bath 
is held constant to prevent variations in the amount of resin deposited on the 
prepreg. After impregnation, the resin level of the fabric ranges from 28 o/o to 
35% (as required). Discs are generally die-cutout of the prepregs for use in 
producing grinding wheels. Several methods of recycling the considerable 
volume of die-cutting scraps exist [17, 18]. 

Cutting and roughing wheels with glass fabric inserts are fabricated in the 
same manner as grinding wheels without reinforcing inserts. In this case, 
however, it is important that the grinding wheel mix exhibits particularly good 

Table 6.85. Solid resin ( C and D in Table 6.84) based solutions for impregnation of glass fabric 
inserts (from [ 1]) 

SolutionA 

Solution B 

100 PBW" 
10PBW 
4PBW 

100PBW 1 
SSPBW 
SPBW 

• PBW=Parts ByWeight. 

Resin C from Table 6.84 (Rutaphen 1L 9264) 
Alcohols (methanol, ethanol) 
Hexamethylene tetramine 

Res in D from Table 6.84 (Rutaphen 0790-03) 
Alcohols (mehtanol, ethanol) 
Hexamethylene tetramine 
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Fig.6.134. Polished section of 
a grinding wheel with fabric 
reinforcement (Photo: Tyrolit 
Schleifmittelwerke Swarovski 
K.G., Schwaz, Austria) 

pourahility and the glass fahric inserts employed are in flawless condition. The 
impregnating resin must again hegin to flow and coalesce with the honding 
resin of the grinding wheel mix at elevated temperatures, and undergo co-con­
densation/co-curing with the surrounding resin hinder. 

Excessively high compression strength should he avoided in production of 
cutting and roughing wheels with glass fahric inserts to prevent displacement 
of and darnage to the fahric (Fig. 6.134). 

Curing of the grinding wheels requires 13-21 h for cutting and roughing 
wheels of up to 10 mm thickness. The final temperature should not exceed 
170-180 oc in this case. It is advisahle to stack the wheels in the oven with 
metal sheets hetween the layers, and to place them under a certain pressure 
(with clamps or weights) to achieve sound adhesion of the fabric layers to the 
wheel mix. Present demands on the hurst resistance of fahric-reinforced 
grinding wheels can correspond to operating speeds of 80- 100 m/ s, compared 
to 45-60 m/s for wheels without glass fahric inlays. 

6.2.2.8 
Binders for High Wet Strength Grinding Wheels and Segments 

Grinding wheels or honded ahrasives used for wet grinding with coolants 
exhihit a drop in their honding strength and hardness due to exposure to the 
aggressive cooling media. The resultant reduction in the hurst resistance and 
grinding performance of the honded ahrasive must he reduced to a minimum 
to enahle the honded ahrasive to meet safety demands fully and enhance its 
economy. In cases where the cohesive strength of phenolic resin honded ahra­
sives drops, particularly when alkaline grinding fluids are used, it is pre­
sumed that water molecules penetrate into the interface hetween the ahrasive 
grain surface and phenolic resin hin der, initially in places where defects in the 
form of small cleavages, voids, hairline cracks, and microscopic pores exist. 
Since phenolic resins, as condensation products, liherate volatile components 
during the curing process, the formation of such defects can he limited, hut 
never completely eliminated. Aqueous alkaline solutions that penetrate the 
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matrix can remove the phenolic resin hinder from the surface of the abra­
sive grain. The adhesion between the grain and the hinder is reduced in this 
manner. 

Based on these considerations and many research projects, as well as prac­
tical experience, it is advisable to use neutral, alkali-free, specially condensed 
phenolic resins (for example resins 3 and 4 in Table 6.81) exhibiting good 
wetting power together with very desirable mixing properties to wet the abra­
sive grain. The powder resins used in this case are novolak/hexa mixtures (for 
example resins 1 and 2 in Table 6.82) exhibiting good flow and a relatively low 
level of hexa. For special requirements, it is advisable to use epoxy or rubber 
modified phenolic resins (for example resins 6 and 7 in Table 6.82) exhibiting 
a low level of hexa and high flow. 

Pretreatment of the abrasive grain with a chemically reactive adhesion pro­
moter such as a silane can improve the adhesion of the phenolic resin bin der 
to the abrasive grain and thus the wet strength of the grinding wheel. 

6.2.2.9 
Hot Pressed, Highly Compacted Grinding Wheels (HP Wheels) 

Large-surface work pieces such as steel slabs or blooms are increasingly wor­
ked in swing frame grinders (Fig. 6.135), in which the rotating wheel is pres­
sed against the work piece with a force ranging from 20 N/mm2 to 80 N/mm2, 

and the latter is moved back and forth beneath the wheel automatically. 
Wheels of this type exhibit diameters of 400-900 mm; dimensions of 
610x76x305 mm are frequently encountered. Such wheels must exhibit extra­
ordinary strength, achieved by methods such as high compaction, to with­
stand the enormous stresses to which they are exposed. Whereas normal 
grinding wheels exhibit densities of 2.4 - 2.7 g/cm3 up to a maximum of 
2.9 g/cm3, the density of such highly compacted wheels is about 3.1-3.5 g/cm3• 

This high level of compaction can only be achieved by hot compression. The 
volumetric percentage of pores to grinding wheel volume should be less than 
1 % in such cases. 

Fig.6.135. Swingframe 
grinder for working steel 
(photo: Tyrolit Schleifmittel­
werke Swarovski K.G., 
Schwaz, Austria) 
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Essentially anhydrous wetting agents, such as furfural or furfural blended 
with furfuryl alcohol or cresol and in some cases anthracene oil, are generally 
used for production of HP wheels. Aqueous resoles are unsuitable for produc­
tion of HP wheels since the level of volatile components is too high. 

The abrasive grain or mixture of abrasive grains is coated with the above 
wetting agents in the mixer as in production of cold pressed wheels, and the 
powder resin/filler mixture added. Powder resins exhibiting a high hexa level 
and short flow distance are preferred. Residualdust can be minimized by uni­
form addition of small amounts of anthracene oil to the mix. 

The resultant mix is uniformly charged ("combed") into the mold. The 
mold is continuously rotated on a turntable. A less expensive mixture made 
with finer grades of granular material can be used at the center ring section of 
the wheel where steel rings are molded in to reinforce the wheel, since this sec­
tion of the bonded abrasive cannot be used for grinding in any case. The 
wheels can be preheated. One possibility of accomplishing this is by high-fre­
quency preheating, in which the mold together with the mix is exposed to a 
high-frequency field for about 10-20 min at a temperature of around 
90-95°C. Another possibility involves cold pre-pressing at a compression 
strength of 15-25 N/mm2, followed by preheating in a curing oven at tempe­
ratures of 90-130 °C. The time and temperature level are determined by the 
heating performance of the oven and the heat capacity of the mold. As a rule, 
the wheels have been preheated to 80-90°C after about 40-60 min at 120-
130 °C. Following the preheating process, the mix is soft/plastic and is trans­
ferred to the hot press as quickly as possible without allowing it to cool. It is 
also possible to omit the prewarming step, inserting the cold-pressed green 
wheel into the hot compression mold and immediately placing it under the 
heated press. 

Hot pressing is best performed in stage presses in which curing proceeds 
far enough that the wheel remains dimensionally stable after being stripped, 
and the cured zones are strong enough that trapped volatile components cause 
no changes such as deformation or cracking during post-curing. The pressing 
temperature ranges from 160°C to 170°C, and the pressing times are deter­
mined to be about 30-60 s per millimeter of wheel thickness. 

The following guidelines are proposed for wheels of 60 mm thickness: com­
pression strength 20-40 N/mm2, pressing temperature 150-170 oc and pres­
sing time 30-60 min. The wheels are then heated to a temperature of approxi­
mately 160 oc at a rate of approximately 10 oc per hour, and are held at this 
temperature for about 8-12 h (depending on the wheel diameter). The wheels 
may also be heated to 180 oc in stages to increase their heat resistance and use­
fullife. In this case, the recommended procedure is to first allow a holdingtime 
of 2-3 hat 160°C, then to continue heating to 180°C and hold the wheels at 
this temperature for another 5-8 h. 

In the last few years, the operating speeds of modern HP wheels have been 
increased from 60 m/s to 80 m/s, and the demands made on their hurst resis­
tance have risen sharply. It was furthermore necessary to increase the useful 
life of the HP wheels and thus their total performance (total number of 
machined work pieces per wheel). The force with which the HP wheels are 



6.2 Temporary Bonding 339 

pressed against the work piece also have encountered a further increase, 
considerably raising the level of mechanical/thermal shock. These new 
demands on the HP wheels required further optimization of the resin systems 
used in their production. 

6.2.2.10 
Diamond Wheels 

Diamond grinding wheels are best for grinding hard metal. They are produced 
using hard metal, steel, bronze, and synthetic resin bonding matrices. A wide 
variety of options exists for production of phenolic resin bonded diamond 
wheels. In principle, such wheels are fabricated in the following manner. Cylin­
drical moldings to serve as a supporting body for the diamond-containing 
abrasive coating are first prepared from special phenolic resin molding com­
pounds. Mixes of aluminum powder and powder resins - both standard and 
polyvinyl butyral or epoxy modified resins (for example, resins 5 and 6 in 
Table 6.82) - have also been successfully used for this purpose. The weight 
ratio of aluminum powder to powdered phenolic resin ranges between 80:20 
and 85: 15. The wheels are produced by hot compression molding at a pressing 
temperature range of 160- 175 °C. 

The moldings are then machined to the shaped carrier wheels required in 
each case. Carrier wheels produced from a mixture of aluminum and powder 
resin exhibit considerably better thermal conductivity than those made from 
a wood flour-filled phenolic resin molding compound, and thus contribute to 
an improvement in the usefullife of the diamond wheels. 

The uniformly distributed mix is charged into a compression mold heated 
to 170 °C. After charging, final pressure is applied after a prewarming period 
of about 20-30 s under a certain amount of pressure. The mold is not vented. 
The abrasive coating, at a thickness of 1-6 mm depending on the pertinent 
requirements, is then hot compression molded onto the carrier wheel. 

The initial step in production of the abrasive coating mix is to prepare a 
premix of the powdered phenolic resin with fillers such as silicon carbide 
(SiC), boron carbide (B4C) or aluminum oxide (Al20 3). The mixing ratio of 
powder resin to filler rang es between 35:65 and 90: 10 as a percentage by 
weight, and varies according to the desired hardness and diamond grain level 
of the abrasive coating. The level of powder resin in the finished mix can be to 
up to 30 o/o by weight. The powder resins used include polyvinylbutyral modi­
fied resins such as Rütaphen® 0309 SP or epoxy modified resins such as Rüta­
phen 0321 SP 01 as well as standardresins such as Rütaphen 0222 SP 04. 

The diamond grain is carefully wetted with a small amount of furfural 
and this material blended into and intimately mixed with the premix. lt is 
very important that extreme care be taken in this mixing process designed to 
achieve a completely homogeneous blend. The finished mix is then charged 
onto the carrier wheel in the compression mold, heated to a pressing tempe­
rature of 170-185 °C, and pressed with a force of 25-35 N/mm2• The pressing 
time depends on the thickness of the coating and amounts to ab out 5-10 min. 
The wheel should be allowed to cool slowly in the mold. 
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Fig.6.136. Selection of 
abrasive fabric belts 
(photo: Hermes Schleifmittel 
GmbH & Co, Hamburg) 

6.2.2.11 
Phenolic Resins as Binders for Coated Abrasives 

Coated abrasives, in contrast to bonded abrasives, are considered tobe flex­
ible, two-dimensional grinding materials used in the form of sheets, belts 
(Fig 6.136), discs, and other shapes. The abrasive grain is fixed to the surface 
of a backing such as paper, vulcanized fiber, or fabric used as a carrier by 
means of a (preferably liquid) hinder [19-23] that can be employed for coat­
ing, in the base or maker coat, the sizer coat, or for treatment of the backing 
(Fig. 6.137). Additionally some applications (e.g., for stainless steel grinding) 
need a second sizer coat, the so called "supersizer:' The impregnation of the 
backing is necessary to avoid penetration of the maker coat into the fabric. 

Coated abrasives thus consist of a backing, the hinder and the abrasive 
grain. The backings used are materials such as high-quality sodium kraft 
paper with base weights ranging from 70 g/m2 to 320 g/m2 and speciallatex­
modified, acrylate, and PVC coated papers for wet grinding, viscoelastic vul­
canized fiber with a thickness of 0.4-0.8 mm and high tear and peel strength, 
and fabric made of cotton or synthetic fibers such as polyester with weights 
per unit area of 200-600 g/m2• Combinations of fabric and paper or foil and 
paperarealso used. Random polyamide fiber-based grinding mats are used as 
backing for coated abrasives. 

The papers used for such products can be pretreated. Thus, papers used to 
produce water-resistant sandpaper are rendered hydrophobic and flexible by 
impregnating them with alkyd resin solutions, or with Iatex emulsions to 
which water-thinnable phenolic resoles have been added to improve the ther-

Fig. 6.137. Structure of coated 
abrasives (from [20]) ~Ab<a,Ne G<aio 

Sizer Coat 
Base Coat 
Backing 
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mal resistance. lncreased flexibility of a fabric-based product requires more 
modification of the binder. This modification can represent both internal 
modification of the phenolic resole and external modification by use of ruh­
her or polymer emulsions. 

When vulcanized fiber is employed as a backing, phenolic resins are almost 
exclusively used as binders. The diversity of different types is far smaller than 
in the case of fabric backings due to the small supply of vulcanized fiber. 

The selection of hinder depends on the application profile of the abrasive. 
Coated abrasives were initially and exclusively produced using animal glue as 
a binder. Today, synthetic resins dominate the market, particularly for high­
performance products. About one third of all coated abrasives are presently 
manufactured using synthetic resins as the complete binders (full resin bond­
ing), around one third using animal glue as the base coat and synthetic resin 
as the sizer coat (semi resin bonding), and one third still using animal glue as 
the exclusive hinder (full glue bonding). The advantage of animal glue bonded 
coated abrasives is that these exhibit enhanced flexibility and do not require 
high temperatures to harden/dry. The advantages of the synthetic resin bond­
ed coated abrasives are that these exhibit considerably Ionger performance 
and the grinding performance of products produced with them is very much 
higher. Thus, fabric and vulcanized fiber backed abrasives are nearly exclu­
sively produced using curable resins. Aside from epoxy, urea, alkyd, and poly­
urethane resins, phenolics are preferred. Phenolic resins exhibit considerable 
advantages over the other binders, such as superior adhesion to the abrasive 
grain and the backing, considerably lower moisture sensitivity, and high ther­
mal stability. The utilization of the abrasive grain performance is enhanced by 
the use of phenolic resins. 

A wide variety of phenolic resins are available (Table 6.86). Resin selection 
depends on the type of backing used, the abrasive and the available coating 
equipment, which varies in dimensions, heat capacity, and temperature con­
trol. The holding times and throughput speeds may be adjusted by appropria­
te selection of a hinder for the available coating equipment from those avail­
able. This relates to the different stages of reactivity and curing rates, gradu­
ated viscosity levels, concentrations of nonvolatiles, and to the various levels 
of residual monomers (phenol and formaldehyde). 

The resins should, if possible, be stored at low (i. e. 5 °C) temperatures 
(Fig 6.138). Storage temperatures of 5-10 oc are recommended. The storage life 
of the resins is adversely affected at higher temperatures. Figure 6.138 illustra­
tes the storage characteristics of resins A, L, and K from Table 6.86 at a tempe­
rature of 10 °C on the basis of the changes in their ISO 8989 water dilutability. 

Types of abrasive grains is as follows: 

1. Natural- pretreated, natural abrasives such as pumice, emery, and garnet 
2. Synthetic- electrically fused corundum, zirconia corundum, or silicon car-

bide of various degrees of purity and particle sizes 
3. Special high performance grain 

Thus, particularly high-quality materials (abrasives on fabric backings) are 
produced using an abrasive coating of hollow Hermesit® beads, whose walls 
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parts of water 
on 10 parts of resin 

30 
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Fig. 6.138. Water tolerance of three different aqueous resoles during storage at 20 oc for 
12 weeks (Source: Bakelite AG, Iserlohn, Germany) 

Abrasive Goal 

Backing 7 

Fig.6.139. Comparative performance of Hermisit® hollow bead grinding belts relative to con­
ventional belts: A) slow drop in grinding performance using only one belt with Hermisit hol­
low beads; B) drop in grinding performance of about four conventional belts in an identical 
period; in both cases with simultaneaus depiction of a cross section of the abrasive coat to 
illustrate attrition (photo: Herrn es Schleifmittel GmbH & Co, Hamburg) 

consist of abrasive grain and binders (Fig. 6.139). More than three times the 
grinding performance of conventional grinding belts can be achieved using 
belts produced on this basis, while the surface roughness of the machined 
work pieces changes only slightly. 

Up to 50 o/o inorganic fillers such as calcium carbonate in the form of chalk 
flour are added to the sizer coat used to bind the surface. Particularly in the 
case of coarse particle sizes, this reduces the shrinkage of the phenolic resin, 
and minimizes web warpages. In addition, fillers render the bin der thixotropic 
to a certain extent, thus preventing dripping or uneven hinder flow during the 
festoon drying process. Furthermore, they are beneficial by extending and 
improving the usefullife and grinding performance of the abrasives. 

Economical production of coated abrasives presently involves a considera­
ble expenditure of capital for special coating equipment and infrastructure. 
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Fabric 
with animal glue-starch 
treatment or treatment 

phenolic resins or acrylate 
polymers 

animal glue or phenolic resins 
w~h additivies 

phenolic resin 
and 

additives 

horizontal dryer 
curing oven (90 - 140 'C) 

Paper, vulcanized 
fiber, mats 

with Iatex impregnation 
or coating 

Additives 
for thixotropic properties and mechanical 
strength, i.e. chalk, kaolin, cryollth 

Additives 
i.e. thixotroping agents 

Suspension dryer 
(90 -140'C) 

Fig.6.140. Flow chart of the fabrication process used to manufacture coated abrasives (from [ 1]) 

Figure 6.140 shows a flow chart of the overall process and Fig. 6.141 a sche­
matic of the fabrication process. 

The webs of backing material (width up to 2 m) are unwound to a glue 
spreading machine (Fig. 6.142) where they are coated with a film of the appro­
priate bin der maker coat by means of spreader rolls. The abrasive grain is then 
sprinkled into this or base lacquer by electrostatic scattering, in which an elec-
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L~J L~J 

Fig.6.141. The coating process (drawing: Hermes Schleifmittel GmbH & Co, Hamburg): (1) 
takeoff roll, (2) printer, (3) maker coater, ( 4) grain coating machine, (5) first dryer, (6) size, (7) 
main festoon dryer, (8) roll-up machine. A. backing roll, B. thickness measuring instrument, 
C. printing roll, D. applicator roll, E. pickup roll, El. resin for first (maker) coat, E2 resin for 
second (size) coat, F. smoothing brush, G. grain hopper, mechanical deposition; G 1. grain hop­
per, electrostatic deposition; H. throwing brush, J. rotating poles, K. rotating poles to supply, L. 
rotating pol es deposit, M. tension rolls, N. jumbo roll product 

Fig.6.142. Glue spreader 
for production of coated 
adhesives (photo: Klingspor 
Co., Haiger Burbach) 

tric field transports the abrasive grains against the force of gravity from the 
interior to the surface of the maker coat that "encapsulates" them. The maker 
coat with the abrasive grain that has been scattered into it is then dried and 
cured in an "intermediate rack." The festoon drying system is designed in such 
a manner that long loops of the backing webs are passed over rods that are 
drawn by a chain drive through the temperature zones of a drying/curing 
tunnel heated by circulating warm air (Fig. 6.143). 

lt is important that a holdingtime adequate for drying/curing of the phe­
nolic resins is achieved. At the end of the dryer, the web is re-tensioned if 
required, and passed to a further roll er coater or returned to the first adhesive 
spreader. A second layer of bin der, referred to as the sizer coat, is applied to fix 
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Fig.6.143. Festoon dryer 
for production of coated 
adhesives (photo: Hermes 
Schleifmittel GmbH & Co, 
Hamburg) 

the abrasive grain permanently. Final curing is performed in the main drying 
tunnel following a curing program with temperatures between 100 oc and 
140°C. The design is similar to a festoon dryer. 

Final curing in a "jumbo" roll in an oven represents another curing variant. 
Following final curing, the backing material is "re-acclimatized" or readjusted 
to an adequate moisture Ievel. Before the abrasive web is taken up on a roll, 
it is subjected to a flexing operation in which the reverse side of the web is 
drawn over a steel roll or plate at an oblique angle under the pressure of a 
ruhher roHer; a large number of fine lateral and diagonal cracks are thus 
produced in the abrasive web, and provide the final product with the required 
flexibility. The product is then converted into finished goods (Fig. 6.144). 

As in every manufacturing operation involving curable resins, productivi­
ty is an important aspect. To provide operational flexibility, resin systems exhi­
biting both moderate and high reactivity have been developed ( cf. geltim es in 
Table 6.86). The resins G and K listed in the indicated table may be termed 
moderately reactive and D, E, and H highly reactive. Furthermore the latter 
three resins feature a low Ievel of monomers. Guidelines for selection of appro­
priate curing programs are provided for moderately reactive resin systems in 
Table 6.87 and for highly reactive systems in Table 6.88. The advantage of a 
slow curing process (refer to resin K) isthat the volatile components can vapo­
rize more easily and the microporosity of the abrasive material is relatively 
low. Factors such as productivity, low monomer emissions, and low micro­
porosity must be balanced for optimum manufacturing economics. 



Fig.6.144. Finishingof 
coated adhesives (photo: 
Klingspor Co., Haiger 
Burbach) 
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Table 6.87. Curing program for moderately reactive resin systems, for example resins A and K 
in Table 6.86 

Temperature 
program 

To 75-80 oc 
At 75-80 oc 
At 90-95 oc 
At 105 oc 
At 120 oc 
Total time 

Base coat 

Coarse grain 
size range 

0.5 h 
0.5 h 
2.0 h 
0.5 h 

3.5 h 

Medium & fine 
grain size range 

0.5 h 

1.5 h 
0.5 h 

2.5 h 

Sizer coat 

Coarse grain Medium & fine 
size range grain size range 

0.5 h 0.5 h 
1.0 h 
2.0 h 2.0 h 
1.0 h 0.5 h 
1.0 h 1.0 h 

5.5 h 4.0h 

Table 6.88. Curing program for highly reactive resin systems, for example resins D, E, and H in 

Table 6.86 

Temperature 
program 

To 75-80 oc 
At 75-80 °C 
At 90 - 95 oc 
At 105 oc 
At 120 oc 
Total time 

Base coat 

Coarse grain 
size range 

0.5 h 

1.5h 
0.5 h 

2.5 h 

Medium & fine 
grain size range 

0.5 h 

1.0 h 
0.5 h 

2.0 h 

Sizer coat 

Coarse grain Medium & fine 
size range grain size range 

0.5 h 0.5 h 
0.5 h 
1.5h 1.5h 
0.5 h 
1.0 h 0.5 h 

4.0h 2.5 h 
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Fig.6.14S. Curing program 
(sizer coat, coarse grain) for 
resoles with different reac­
tivities 120 

E 
~ 100 

" '§ 
CD 
c. 
E 
~ 80 

-

-·-·-·- Resin D (Table 8) 
.•.•••••.••••... Resin K (Table 8) 

2 3 
curing-time 

time-difference 

4 5 

Figure 6.145 shows the difference in the curing programs used in a pilot 
plant for the moderately reactive resin K and the highly reactive resin D (from 
Table 6.86). The verified time difference is far from negligible, being around 
25-30%. Highly reactive two-component systems [24] such as resin F in 
Table 6.86 are also used for some applications. Such highly reactive resin 
systems are primarily used in those instances where high-speed dryers re­
quiring short curing times are used following the coating operation. 

These resin systems represent a combination of an aqueous phenolic resole 
and a specific latent curing agent. The aqueous resoles themselves exhibit 
relatively low reactivity, and the hinder systems only achieve their high rates 
of eure due to addition of up to 15% curing agent based on resin. Since the 
bench life of this hinder mix (Fig. 6.146) amounts to at least 8 h, the product 
can be used up over the period of a shift at a coated abrasives manufacturer. 
Figure 6.14 7 shows the gel time of this two-component system as a function of 
the temperature and the level of curing agent, and compares the results with 
the corresponding figures for conventional resins. The gel times that may be 
achieved by this means (at 100 °C) are far shorter than those of fast curing 
resorcinol resin systems and considerably shorter than those of conventional, 
highly reactive, resorcinol-free phenolic resin binders. These coated abrasive 
systems can be used as base and sizer coat resins for production of coated 
abrasives using paper as a backing on the one hand, but on the other they are 
also very suitable for use as impregnating resins for fabric finishing. These 
systems arenot suitable for production of abrasive fabric by full resin bonding 
or for fiber wheels, since the grinding performance levels are lower than in the 
case of products made using conventional, slow curing resin systems. 

Specific resoles (resin C in Table 6.86) that are compatible with a wide variety 
of polymer emulsions and dispersions are also suitable for fabric finishing. 
The indicated resin C in combination with materials such as latex or PVA 
emulsions is also suitable for use in production of water-resistant abrasives. 
Various highly or moderately reactive resins - for example resins A and D 
in Table 6.86 - are particularly suitable in high-quality abrasive applications 
where phenolic resoles must exhibithigh filler compatibility and eure to yield 



Fig.6.146. Viscosity at 20 oc 
depending on time (max. 
8 h) of three different two­
component systems (1 and 
2lower viscosity with FH, 
3 is resirr F with FH) 

Fig.6.147. Gel times of a two­
component systems resirr F 
and hardener FH (Table 6.86) 
at 100 oc (curve 1) and 
130 oc (curve 2) in compari­
son to the gel-time Ievels of 
resorcinol accelerated resins 
and standard phenolic resins 
(*gel-time at 100 °C) 

F~~ latent hardener 
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unusually viscoelastic, thermally stable products. Use of these phenolic resins 
assures bubble-free through curing, particularly when coarse-particle abra­
sives are employed, and thus has a beneficial effect on the already long useful 
life of the abrasive. 

Products made with low-monomer resins such as C, L, and N in Table 6.86, 
particularly using medium and fine-grained abrasives, have been shown to 
exhibit a long usefullife. Resins with extremely low monomer levels are suita­
ble for use in base and sizer coats for full resin bonding in some particle size 
ranges. Moreover, they increase productivity appreciably. 

Abrasive webs (non-woven) such as pot and pan scrubbers and scouring 
fabrics are closely related to coated abrasive products. In production of high­
quality abrasive webs, the randomized fibers of materials such as polyamide 
or polyester are generally bonded using phenolic resins. This places specific 
demands on the phenolic resole being used, to prevent fiber damage. Phenolic 
resoles such as resin J in Table 6.86, that are particularly low in phenol and 
exhibit the high water tolerance required to enable their use in combination 
with latex binders, are best for this application. 

As a rule, vulcanized fiber wheels (Fig. 6.148) are produced using full 
resin bonding. The use of specific grades of fiber is a prerequisite for pro­
duction of vulcanized fiber wheels. The fiber should exhibit high transverse 
tear strength, high peel strength of the individual layers, and adequate 
elasticity.lt is critical that the fiber undergoes no deformation, or only slight 
deformation, during the curing process, and that it does not tend to deform, 
much less curl, after re-acclimatization. The technical parameters of the 
equipment generally represent the key aspect in selection of the correct type 
of resin for production of vulcanized fiber wheels. Depending on the length 

Fig.6.148. Automotive 
repair - grinding after panel 
beating, vulcanized fiber 
disks on an electric angle 
grinder (photo: Hermes 
Schleifmittel GmbH & Co, 
Hamburg) 



Fig.6.149. Grinding of meta! 
with abrasive belts, debur­
ring of an L-profile on a 
backstand (photo: Hermes 
Schleifmittel GmbH & Co, 
Hamburg) 

Fig.6.1SO. Automotive 
repair - sanding of filler, 
strips with holes on 
electric orbital sander 
(photo: Hermes Schleif­
mittel GmbH & Co, 
Hamburg) 
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of the festoon, the temperatures that can be reached, and the required 
throughput time, phenolic resoles exhibiting various levels of reactivity and 
curing rates can be used, for example resin A in Table 6.86 for moderate and 
resin D for higher curing rates. In its main features, the production method 
itself corresponds to those used for other full resin bonded abrasives. The 
abrasive grain used for vulcanized fiber are similar to those for abrasive 
fabric. 

The following may be noted (Figs. 6.149-6.152) as a final comment on the 
use of coated abrasives. Abrasive papers (strips, sheets, die-cut sections, leaf 
wheels, belts, broad belts) coated with electrically fused corundum, silicon car­
bide, or garnet grain are generally used for dry and wet sanding and polishing 
of wood, wooden materials, certain metals, plastics, painted surfaces, filled 
areas, and leather. Abrasive fabric (rolls, sheets, strips, die-cut sections, leaf 
wheels, belts, shells, flap wheels, small bonded abrasives) is best for dry and 
wet grinding of metal, low and high alloy steel, cast iron, chilled iron, nonfer­
rous metals, ceramics, stone, glass (Fig. 6.153), and composites. 
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Fig.6.1S1. Grinding of a 
square tube with a portable 
belt grinder (photo: 
Hermes Schleifmittel GmbH 
& Co, Hamburg) 

Fig.6.1S2. Removal of a 
stainless steel welding seam 
using a tlap disc (photo: 
Hermes Schleifmittel GmbH 
& Co, Hamburg) 

Animal glue (full bonding), animal glue with phenolic resin, animal glue 
with urea resin, and full bonding with phenolic resin are the types of binders 
used for the abrasive paper group. Although animal glue bonding of abra­
sive fabric is also possible, full bonding with phenolic resin is always used for 
heavy-duty applications. As previously noted, the latter also applies in the case 
of vulcanized fiber leaf wheels used for metalworking. Full bonding with phe­
nolic resin is also encountered in fabric/paper and foil/paper combinations 
used in the form of sheets or belts for dry sanding of veneered wood sheets, 
chipboard, rigid fiberboard, and paper Iaminates. 



Fig.6.1S3. Glass grinding 
with abrasive belts, beveling 
of crystal glass rim (Photo: 
Hermes Schleifmittel GmbH 
& Co, Hamburg) 

6.2.3 
Friction Linings 

6.2.3.1 
lntroduction (General Information) 
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Phenolic resins are used to a considerable extent in production of friction, 
brake and clutch linings for the autornative industry and for brake elements in 
rail vehicles and machines (Figs. 6.154 and 6.155). 

Friction lining compounds used to manufacture disk brake pads, passeng er 
car (Fig. 6.156) and truckdrum brake linings, and clutch linings may essen­
tially be regarded as fiber-reinforced phenolic molding compounds con­
taining 5-35 o/o resin. A large number of different, generally complex combina­
tions of materials containing up to 25 or more individual components are used 
in these formulations. The main components are binders (preferably phenolic 
resins and rubber), mineral-based and synthetic organic fibers, metal fibers 
and chips, and organic/inorganic fillers. The required range oflining properties 
depends to a very great extent on the type of vehicle, the brake systems, re­
quired test schedules, mechanical conditions, and similar factors. 

This results in a wide range of unmodified and modified products, novo­
laks and resoles, powdered and liquid resins, and resin solutions for this diver­
se field of phenolic resin technology [ 1-5]. The manufacturing processes for 
friction linings, which are briefly described, are as diverse as the formulation. 
The range of properties and behavior patterns ofbrake and clutch linings thus 
depends to a great extent on the nature and quality of the binders being used. 
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Fig.6.154. Friction linings 
for disk and drum brakes 
(photo: Rütgers Automotive 
AG, Essen) 

Fig. 6.155. Friction linings 
for rail vehicles (photo: 
Rütgers Automotive AG, 
Essen) 

Fig.6.156. Brake straps and 
linings for drum brakes (pho­
to: Rütgers Automotive AG, 
Essen) 
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The quality of friction linings is largely assessed on the hasis of the follow­
ing properties: coefficient of friction, wear (including disk wear if appropriate), 
comfort hehavior, and temperature dependence of these parameters. Phenolic 
resins have heen widely modified to meet various frictional requirements. 

The fact that the demands on friction linings - for example with respect to 
their service life and hrake hehavior - have increased considerahly during the 
last 20 years has similarly led to comparahle demands made on the hinders. 
During the hrake operation, the kinetic energy of the vehicle is largely con­
verted into heat; peak temperatures of more than 800 °C can arise at the sur­
face of the hrake linings, depending on the stress and type of vehicle. 

The main function of phenolic resins in friction linings is temporary hond­
ing which, as defined in Sect. 6.2 (p. 291 ), provides the materials with the highest 
possihle resistance to wear when these materials are suhjected to ahrasive and 
destructive use, coupled with high thermal resistance over a long interval and 
due to sudden heat development or auxiliary mechanical stress. Yet the other five 
phenolic honding functions participate as "auxiliary functions" due to the exces­
sive demands placed on phenolic resins as hinders in friction linings. 

Thus, friction linings are expected to exhihit permanent dimensional stahil­
ity in the hrake system, and featurehigh strength levels in intermediate hand­
ling (for example during fahrication and installation). The friction lining, 
honded with phenolic resins, is then expected to withstand "temporarily" (the 
main phenolic resin honding function) the high temperatures that develop 
during hrake or clutch operations, temporarily in this case representing the 
Iongest possihle service life. In the case of friction linings, the other auxiliary 
functions follow: complementary honding function is represented hy the com­
patihility and modification capahility of phenolic resins with other thermo­
sets or elastomers used in the lining compound, as well as with the fillers and 
fihers. The carbon-forming function of phenolics is equally important since 
carhonization will occur under pyrolysis conditions prevalent during the 
hraking operation. Carhon formation plays a key role in the performance of 
the hrake operation. Volatiles or liberated pyrolyzates can somewhat adverse­
ly affect the hrake operation. The chemically reactive function of phenolic 
resins represents chemical transformations that occur with other hrake lining 
components and improves the quality of the overall composite in the hrake or 
clutch lining. This function also applies to post -eure and "resin rearrange­
ment" processes that occur during the high temperature hraking operation. 

Thus the interrelationship of all these honding functions and the high 
degree of effectiveness underscores the importance of phenolic resins as the 
preferred hinder for these friction products for many decades. On a cost/per­
formance hasis in conjunction with honding function, it is difficult to displace 
phenolic resins as the premier hinder for high quality friction products. 

6.2.3.2 
Demands on Friction Linings 

A major demand on hrake and clutch linings is that they have to he effective 
over a wide temperature range. As is conveniently possihle, the coefficient of 
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friction [ 6] of brake linings should be independent of the temperature. For a 
long time, the index or coefficient of friction - the ratio of the frictional force 
to the normal force acting on a body - was considered a material constant for 
friction between two bodies. After friction linings were developed (for railway 
and autornative use) it was found that the coefficient of friction is a function 
of the temperature, surface velocity, and applied force. The pressure, tempera­
ture, and velocity Ioads are illustrated in Fig. 6.157 and represent stressesthat 
may be expected under driving conditions. The coefficient of friction as a 
function of temperature resulting from speed ( during braking) is affected by 
many factors including the organic components of the brakes and also the 
phenolic resin fraction. 

Because of the smaller dimensions of disk brake pads compared to drum 
brake linings, the energy absorbed per unit area in the case of pads used in disk 
brakes (Fig. 6.158) is very high compared to the energy for drum brake linings 
(Fig. 6.159); thus, very high temperatures can arise in disk brakes. Good fading 
behavior, i.e., the temperature-dependent coefficient of friction remains con­
stant to an acceptable degree, is a technical consideration. In addition, the 
brake lining must afford the Iongest possible service life, i. e., undergo low wear 
[7], should spare the other contact material -for example the brake disk- as 
much as possible, and be resistant to the effects of weather. As a function of 
temperature, lining wear is highly dependent on the type and Ievel of the or­
ganic bin der. The wear may be reduced by special modification of the bin der. 

Aside from the above considerations, the "comfort behavior" of linings 
nowadays represents a major factor. The term "comfort behavior" refers to the 
Ievels of noise generation (squeal) and cyclic behavior known as "judder:' 
which should be as low as possible. The heat generated during braking can 
lead to momentary unevenness and deformation of the brake disk (in case of 
high-speed braking) that exert a perceptible effect on the driving/braking 
behavior. The judder caused in this manner must be compensated by the 
elastic behavior of the friction lining. As a general rule, judder is reduced as 
the modulus of elasticity decreases. 

"Squeal" or generation of the other noise during braking, which is no doubt 
generally perceived as very unpleasant by the driver, usually occurs during 
low-speed braking, i. e., at low energy conversions. Brake system components 
capable of vibration ( saddle, disk, and brake pads) are greatly involved in this 
phenomenon. If the friction lining acts as a dampening component in the 
brake system, the hinder may be part of an approach designed to dampen 
vibration and reduce noise. The Ievel of dampening depends to some extent on 
the resulting lining density which is related to the pressing operation [4]. Low 
compression rates afford slightly higher dampening Ievels. Aside from the 
compression rate which is purely mechanical, the proper design of phenolic 
resins is of considerable importance with the use of alkyl phenol-modified 
resins providing higher dampening Ievels. 

Many different processes and formulations are presently used in manufac­
ture of friction linings. Both drum linings and disk brake pads can be pro­
duced from compression molding compounds representing complex blends 
of numerous different components. 
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Fig. 6.157. Coefficient of friction - relationships (temperature, speed and braking force) 
(from [4]) 

Fig. 6.158. Disk brake 
(photo: Rütgers Automotive 
AG, Essen) 

Fig. 6.159. Drum brake 
for trucks, wheel set (photo: 
Rütgers Automotive AG, 
Essen) 
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In development of a friction lining, the properties of many components are 
frequently combined on the basis of lengthy empirical test formulations. Al­
though the effect of the hinder on the final properties of the lining is limited, 
it is not negligible, since it depends on the overall formulation. 

Aside from such considerations, the selection of phenolic resins depends 
on factors such as: 

1. The process used to manufacture friction linings (process engineering 
parameters) 

2. The final properties of the friction lining (material properties, purely tech-
nical parameters) 

3. Environmental and workplace aspects 

It is also generallyimpossible to predict unequivocally the effect of an isolated 
component on the properties of the overall system due to the complexity of 
brake lining systems. Repeated practice-related or direct practice trials (for 
example, dynamometer or practical driving tests) to examine the effects of 
changes in individual components are thus unavoidable. 

6.2.3.3 
Composition of Friction Linings 

The exact compositions of industrially fabricated friction linings generally 
represent a portion of company-proprietary information. Due to the major 
efforts and difficult detailed work involved in developing them, they are, as a 
rule, not disclosed. 

The basic design of compounds for friction linings (Table 6.89) essentially 
includes fibers, fillers, metals, lubricants and other additives, and binders. 

Before the early 1980s, asbestos fiberwas used worldwide as the basic fiber 
material. For toxicological reasons, the use of asbestos fiberwas later not only 
limited, but finally prohibited in most countries [ 8]. Asbestos fiber is still used 
in some locations in North America (particularly Canada). However, it may be 
noted that asbestos fiber can generally be replaced by other fibers/fiber blends 
[9-11]. 

Asbestos fiber is problematic, since it can induce malignant cell growth when 
it enters the lungs by way of the respiratory tract if a certain ratio of fiber length 
to cross-section is present. Depending on the end use, inorganic and/or organic 
fibers are now generally used. Metallic fibers arealso employed (Table 6.90); car­
bon fibers [ 12, 13] are primarily used in production ofhigh-performance linings. 

Table 6.89. Formulation 
guidelines for friction 
linings 

1. 
2. 
3. 
4. 
5. 

o/ow/w 

0-60 
5-30 
5-70 
0-5 
8-25 

Fibers (organic, inorganic, metallic) 
Fillers (organic or inorganic) 
Meta! (as powder or chips) 
Lubricants and other additives 
Binders (phenolic resins, rubber) 



Table 6.90. Asbestos fiber 
substitutes (from [5]) 1. Organic fibers 

2. Carbon fibers 

3. Mineral fibers 

4. Metallic fibers 
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Aramid fibers 
Cellulose fibers 
Polyester fibers 
Polyacrylic fibers 

Various grades 

Glass fibers 
Slag/rock wool 
Gypsum fibers 
Ceramic fibers 
Silicate fibers 

Steel fibers 
Brass fibers 
Copper fibers 
Zinc fibers 
Aluminum fibers 

Asbestos-free linings (Fig. 6.160) based on metals can be produced, but 
metallic and semimetallic linings [14-16] cannot be used universally for 
various reasons (for example, due to corrosion). Work on replacement of 
asbestos fibers first concentrated on glass fiber-reinforced linings that were 
suitable for applications such as drum brake linings. Due to the extended 
range of requirements in disk brakes, which are exposed to higher stresses, it 
was necessary to employ a mixture of different fibers and flllers as a substitute. 
Depending on the composition, the sum of properties affered by asbestos-free 
linings can be markedly superior to that of asbestos-containing linings. 

Since the quality and cost of the fibers vary greatly, the formulating task 
involves finding a price/performance optimized formulation that considers 
both demands and costs, and that fully meets the required performance pro­
flies, for example,on a flywheel testing stand (Fig. 6.161). With reference to the 
fibers, the logical consequence isthat mixtures are generally used. The phen­
olic resins that are used must exhibit good adhesion to the various types of 
fibers. Table 6.91lists suggested formulations for asbestos-containing, semi­
metallic lining compounds, and asbestos-free friction lining compounds made 
with substitute fibers for manufacture of disk brake pads. 

The fillers used are both organic and inorganic in nature. Inorganic flllers can 
be materials such as barytes, metallic oxides, kaolin, powdered slate, or powdered 
mica. One of the most common organic fillers is hardened cashew nutshell oil 
( CNSL) that is marketed under the names of"friction dust" or "friction particle:' 

Cashew nutshell oil [ 17] is obtained from the shells of cashew nuts. The 
commercial product consists of about 90 o/o cardanol, which arises through 
decarboxylation of anacardic acid, and 10% cardol (Fig. 6.162). Catalytic har­
dening of the unsaturated side chains of cardanol or cardolleads to a polyme­
rk product, the "friction particle" or "friction dust:' The oil ( CNSL) may also 
be used to modify phenolic resins, resoles, or novolaks that are similarly used 
for manufacture of friction linings. 
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Metals 
(Fibers, Chips) 

Non-Asbestes 

Asbestos-Free Combination 

Fig. 6.160. Evolution to the asbestos-free brake lining (from [5]) 

Fig. 6.161. Flywheel Testing 
Stand for Trucks (Photo: 
Rütgers Automotive AG, 
Essen) 

Nonmetals 
(Fibers) 
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Table 6.91. Various friction lining mixtures (from [ 5]) 

Containing 
asbestos 

Fibers 10-30 

Metals 10-40 

Lubricants 0-15 

Fillers 0-30 

Binders 8-15 
(Phenolic resins, 
rubber) 

Friction enhancers 0-3 

Fig. 6.162. Components of 
cashew nutshellliquid 
(CNSL): 90% cardanol, 10% 
cardol 

Semi-metallic 

0 

60-75 

15-30 

0-5 

7-10 

0-5 

OH 

6l 
R1 

Cardenol (90%) 

R1 = -(CH2)y-CH=CH-(CH2)s-CH3 

Asbestos 
substitute 

0-30 

10-45 

10-25 

0-20 

7-12 

0-5 

OH 

HOJ6tR2 
Cardol (1 0%) 

R2= -(CH2)?-CH=CH-CH2-CH=CH-(CH2)2-CH3 

A further component of friction linings may consist of metals such as iron, 
copper, or brass in the form of powder, wool, or chips. 

In addition, lubricants such as antimony sulfide or molybdenum sulfide are 
used. 

Binders provide the friction lining with the required mechanical strength. 
Even today, phenolic resins still represent the most important binders. Rubber 
materials such as SBR or NBR ruhher are also members of this group. 

6.2.3.4 
Phenolic Resins and Properties of Friction linings 

The binders used for friction linings include modified and unmodified, gene­
rally phenolic novolak/hexamethylene tetramine-based powder resins, and in 
the case of wet conditioning liquid resins, generally aqueous resoles. Table 6.92 
provides a survey of powder resins used for manufacture of all types of friction 
linings. Table 6.93 lists three liquid resins that may be used both for manufac­
ture of wet conditioned brake linings and for impregnation of clutch linings. 

Phenolic resins are adapted to the different requirements by various modifi­
cation and/or use of specialgrades exhibiting specific reactivities or viscosities. 
The crosslinking density is controlled by varying the hexamethylene tetramine 
level. At present, novolak-hexa powder resins with a hexa level of 6-14% are 
mainly used in the friction lining industry; the bulk of these resins exhibits a 
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hexalevel of7 -10% (resinsA and Bin Table 6.92). Use of a low hexa level achie­
ves relatively low hardness, which in turn leads to improved flexibility and good 
comfort properties. In contrast, a high level of hexa (resin C in Table 6.92) 
affords high hardness and high thermal resistance, but may also lead to elevated 
wear. The flow distance also influences the properties of friction linings. The 
flow distance symbolizes a combination of the curing properties and the melt 
viscosity.A short flow distance (such asthat of resin A in Table 6.92) can lead to 
an open-pore structure of the linings, improving the comfort behavior. 

However, the fabrication parameters must be exactly controlled and main­
tained when resins with short flow distances are used. Lang flow distances posi­
tively affect the structure and incorporation of the fiber/filler. This also applies 
to the processing properties. A negative aspect is the tendency to form bubbles. 

The gel or "B" times of the liquid powder or resins relate to pressing times 
and thus the productivity. The reactivity of the resin being used determines 
the productivity in fabrication of friction and clutch linings by the hot com­
pression method to a major extent. The variety of resins exhibiting different 
reactivities (for example resins C and D in Table 6.92) allows optimal pressing 
conditions tobe achieved when the reactivity is matched to the overall formu­
lation of the friction lining and the production process. Standard reactivities 
(B-time araund 120 s at 150 oq allow problem-free charging of the compres­
sion mold. In addition, the tendency to form bubbles - resulting from the rela­
tively uniform Iiberation of ammonia during the pressing operation - is 
minor. Demands for increased productivity led to the development of special 
powder resins (for example resin D in Table 6.92) that exhibit a markedly 
decreased reduction in the initiation point of the novolak-hexa reaction eure 
in addition to the extremely high reactivity already achieved. This occurs to 
increase productivity, particularly in the case of thick linings such as drum 
brake linings for trucks. When highly reactive resins are used, exact process 
control is required during fabrication. 

Over the past years, the levels of free phenol in novolak-based powder 
resins has been markedly reduced (to below 0.5%, cf. Table 6.92). Use of 
phenolic resins with a low level of free phenol offers the following advantages: 

1. Superior environmental compatibility 
2. Reliable compliance with workplace limits (phenol) 
3. Increased quality and consistency ofbinders 

Powder resins with a free phenollevel of less than 0.02% are presently also 
available if required to meet special requirements. Dustfree powder resins for 
friction materialsarealso possible (see Sect. 6.2.2.5, p. 326-7). 

Modified resins (for example resins E, F, and Gin Table 6.92) are used to 
achieve specific final properties in friction materials. Depending on the type 
of modification, theseresins may chemically represent copolymers (for exam­
ple, alkylphenol-modified products), homogeneaus mixtures (for example, 
rubber-modified resins such as resin Ein Table 6.92), or blends with special 
polymers. More "flexible" linings with good comfort properties are achieved 
by modification with acrylonitrile rubber. Use of chlorinated ruhher as a 
modifier increases the thermal resistance and achieves improved fading be-
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havior (reduces the drop in the coefficient of friction as the temperature in­
creases) as well as good comfort properties. 

Use of epoxy resins (for example in resin G, Table 6.92) affords a certain 
flexibility, high strength, and excellent adhesion to fibers and fillers. The adhe­
sion properties and flexibility of the linings could similarly be influenced by 
incorporation of Iong-ehain alkylphenols. Phenolic powder resins containing 
alkylphenols represent alternatives to CNSL-modified resins, and offer greater 
product consistency. Incorporation of heteroelements such as boron, phos­
phorus, or nitrogen (for example in resin F, Table 6.92) produceshigh thermal 
resistance. This characteristic may be utilized in applications such as manu­
facture of speciallinings for motor racing. 

Aside from the above, other types of resins - such as phenoxy and melamine 
resins-arealso used as modifiers to meet special requirements. Compared to un­
modified (novolak-hexa) phenolics, elastomer-modified phenolic resins exhibit 
improved wear properties at a relatively low pressing force per unit oflining area 
and temperatures up to ab out 250 oc under test conditions and in practice. 

Boron/phosphorus-modified resins (Fig. 6.163) generally exhibit some­
what improved thermal behavior with respect to the temperature dependen­
ce of the friction coefficient and the increase in pedal pressure required in 
repeated brake operations. Figure 6.164 shows a simplified presentation of 
the lining and disk wear in disk brake systems as a function of the bin der. lt 

Fig. 6.163. Thermal behavior 
of friction linings made from 
(a) unmodified and 
(b) boron-modified phenolic 
resins; relationship of the 
friction coefficient fl and the 
temperature 

Fig. 6.164. Lining (LW) and 
disk wear (DW) when 
using variously modified 
phenolic resins at an operat-
ing pressure of 20 bars, 
I = alkylphenol resin; II = elas-
tomer-modified phenolic 
resin; III = unmodified 
phenolic resin; IV= boron-
modified phenolic resin 
(source: Rütgers Automotive 
AG, Essen) 
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Fig. 6.165. Selection of 
clutch linings ( source: 
APTEC Reibtechnik GmbH, 
Leverkusen) 
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may be seen that the lowest lining wear in this comparison ( operating pres­
sure 20 bar) is achieved with boron/phosphorus-modified resins. It is slight­
ly higher in the case of unmodified phenolic and alkylphenol resins, and is 
particularly great in elastomer-modified resins. The four resins afford exact­
ly the reverse results with respect to wear of the metallic brake disk. The 
greatest disk wear is present in the case of the boron-modified phenolics, and 
the least in that of the elastomer-modified resins. These examples demoo­
strate that a large number of possibilities exist to achieve special combina­
tions of properties by blending various resin systems. This applies equally to 
manufacture of brake, clutch, and machine linings, and can contribute to the 
high quality of these products. 

6.2.3.5 
Manufacture of Friction Linings 

The manufacture of drum brake linings, disk brake pads, and clutch linings 
(Fig. 6.165) - all of which may be produced by dry or wet conditioning - is dif­
ferentiated into three stages: 

1. Production of the mix 
2. Shaping/compression molding (hot, warm, cold) 
3. Final curing (in clamps or free) 

The process flow charts in Figs. 6.166-6.168 survey the manufacture of the 
various types of linings such as drum brake linings (Fig. 6.166), disk pads 
(Fig. 6.167), and clutch linings (Fig. 6.168). 

These schemes, which are graphically complex, may also be briefly catego­
rized in three processes. 

6.2.3.5.1 
Process 1 (Dry Mixes for Hot Pressing or Warm Shaping with Subsequent Oven Cu ring) 

The fiber material, which has been finely divided by pretreatment, is homo­
geneously blended with all other components in an appropriate mixer. Be-
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I Drum Brake Linings 

I 
I Dry Gonditioning I Wet Gondftioning 

High-Shear Mixer Masticator Gonditioning 
Produclien of Mix Using 

Liquid Resins or Solvents 

Hot Gernpression Molding Preliminary Gernpression Strip Rolling 
at140 "G- 160 "G and Shaping at 

100 "G- 120 "G 

Hot Gernpression Molding I 
at 140 "G - 160 "G 

I 

F ree Guring at Guring in Glamps (er if 

max. 160 "G - 220 "G Appropriate Free); 
Tamperature Program to 

max. 220"G 

Fig. 6.166. Manufacturing process for drum brake linings 

cause of its large volume, this dry mix may initially he pre-compressed at 
3-10 N/mm2 and amhient temperature to yield compression molding hlanks. 

In manufacture of drum hrake liners, a considerahle fraction of ruhher is 
generally incorporated into the dry mix in the form of a milled "masterhatch" 
consisting of ruhher, vulcanization additives, fihers, and flllers. The drum 
hrake liners may he pre-cured hy warm pressing of the compression molding 
hlanks at 110-120 oc to yield sheets; these are then shaped to produce a curva­
ture of the desired radius, and then completely cured in clamps in an oven. Pre­
sently, drum hrake linings are also produced to a considerable extent by direct 
hot compression molding. Disk hrake pads are produced following thorough 
mixing or mastication of the components hy compression molding of the fric­
tion lining compounds onto cleaned, adhesive-coated metal hase plates. 
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Disk Brake Pads 

Fig. 6.167. Manufacturing process for disk brake linings 

6.2.3.5.2 

Production of Mix 
Using Liquid Resins or 

Solvents 

Curing in Clamps (or ~ 
Appropriate Free); 

Tamperature Program to 
max. 160 ·c- 240 ·c 

Process 2 (Wet Mixes for the Calender and Extrusion Processes) 

In wet conditioning, mixtures of fibers, fillers and binders with added solvents, 
resin solution, or liquid resin are thoroughly homogenized in a ribbon biender or 
masticator at ambient or elevated temperatures to form a doughy mass. Masticiz­
ed ruhher can be blended in with solvents. The plasticized material may be shap­
ed on calender mills, piston presses, or extruders. Following the drying process, 
the products are oven cured in pressure molds or hot pressed in compression 
molds. Machine and drum brake linings are best manufactured by this process. 

6.2.3.5.3 
Process 3 (lmpregnation of Fiber Textiles and Yarns) 

Fiber textile-based brake linings for mechanical equipment and clutch linings 
are manufactured from yarns using the impregnation process. The textile or 



368 6 Economic Significance, Survey of Applications, and Six Bonding Functions 

High-Shear Mixer 

Hot Gernpression Molding 
at 140 'G- 180 'G 

Free Guring at 
rnax. 280 'G 

Fig. 6.168. Manufacturing process for clutch linings 

lrnpregnation of Yarns, 
Drying 

Winding to Produca 
"Blanks" 

Hot Gernpression Molding 
at 140 'G -180 'G 

Free Guring at 
rnax. 280 'G 

yarn is impregnated with the liquid resin or resin solution (that can also con­
tain added rubber solutions or dispersions and other special additives) using 
the dipping method. The material is then gradually dried at about 50- 90 oc to 
remove solvents, and pre-cured if appropriate. The textile is shaped by a 
calendering operation, followed by oven curing in pressure molds or hot com­
pression molding at 15-20 N/mm2 and 150-170°C. In manufacture of clutch 
rings by the winding process, the yarns are coiled on a special winder to form 
a ring, which is then hot pressed in special molds. 

The pressing and curing conditions for all three processes are listed in 
Table 6.94. 

Production costs are considerably reduced and the quality/ consistency of the 
linings radically increased by largely automatic ("on-line") fabrication (Fig.169) 
of disk brake linings [18]. On-line fabrication comprises mixing, curing, wor­
king, and coating on a uniform production line with few operating personnel. 



Table 6.94. Pressing and curing conditions for brake linings 

Drymix 

Wet mix 

Wet 
conditioned 
and pre­
dried mix 

P = Pressure. 

Shaping 

cold: 
P = 100-250 N/mm2 

or at 50-80 oc 

cold: 
P = 100-250 N/mm2 

or, at 50-80 oc 

cold: 
P = 100-250 N/mm2 

or at 50 - 80 oc 

PE = Final pressure. 
T = Temperature. 
TA = Initial temperature. 
TE = Final temperature. 

Shaping and curing 
(hot pressing) 

TA= 140 oc - 180 oc 
PE= 20-80 N/mm2 

Pressing time: 
1/2-1 min per mm 
thickness, with airing 
periods 

n 

T=140T-180°C 
P = 30-60 N/mm2 

Pressing time: 
1/2-1 min. per mm 
thickness, with 
airing periods 
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Curing (oven, 
microwave, etc.) 

a) Clamped following 
cold shaping 
b) Unconstrained following 
hot shaping 
TA=80 oc 
TE= 280 oc (max) 
Duration: 14-20 h 

Clamped only 
TA=80 oc 
TE= 280 oc (max) 
Duration: 14-20 h 

As indrymix 

Fig. 6.169. Automatie rotary presses (photo: Rütgers Automotive AG, Essen) 
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6.2.4 
Auxiliaries for Petroleum and Natural Gas Production 
(Proppant Sands and Tensides) 

Phenolic resins and their derivatives can be of use as auxiliaries in production 
of petroleuro and natural gas. This refers both to their use as binders for sand 
or similar aggregates used to reinforce the bore holes and surrounding forma­
tions, and to their use in producing special tensides, for example, from alkyl­
phenol resins, that can be employed in secondary or tertiary oil recovery [1] . 
Thus, phenolic resins are used for exploitation of deposits and for production 
of oil and gas. 

The pertinent technology encompasses two important technical chal­
lenges: (1) to find the deposits and investigate their removaland (2) to pro­
duce the raw materials economically and utilize the deposits to the fullest 
extent possible [2] . The techniques used to exploit deposits of oil and gas are 
basically comparable. Deep bore holes used to find and explore for deposits 
are termed exploratory wells. Bore holes used to produce oil are called pro­
duction wells [ 3]. The deepest wells can reach as far as 10,000 m into the earth. 
The rotary drilling method (Fig. 6.170) still remains the most important deep 
drilling procedure. In this method, torque is transferred from a rotary table to 
the drilling rod. A tool is located at the tip of the drilling rod, and is controlled 

Fig. 6.170. Rotary oil weil 
drilling rig (from [3]) 



Fig. 6.171. Alkoxylated alkyl­
phenol novolaks for use 
as tensides in oil production; 
The ( -CH2-CH2-0- )n 
moiety can be replaced by 
( -CH2-CH2-CH2-0- )n 
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R= iso-octyl (CsH17) 
iso-nonyl (CgH1g) 

n = 3-40 
m=S-15 

H 

'1l 
I 

CH2 
I 

I C~21n 
0 

R 
m 

by the torque and the pressure exerted by the mass of the drilling rod. The rock 
crushed by the drill is removed by flushing it through the space between the 
drilling rod and the wall of the bore hole. The drilling mud, a thixotropic fluid, 
is used to cool and lubricate the drilling tool as well as to clean the bottom of 
the bore hole. The mud can be reused after the drilled material has been re­
moved by filtration. In the turbine drilling method, the tool attached to the 
drillingrod is rotated with the help of a turbine. The turbine is mounted in the 
drilling rod, and is driven by oil circulation. If petroleum is exclusively pro­
duced by its own pressure, the process is termed eruptive production (gush­
ing). However, this generally only occurs for a short time. The oil is then re­
moved by pumping. To further increase the oil production (secondary re­
covery), water is injected into the deposits, the oil displaced from these, and 
forced toward the production tool. The tensides are used as de-emulsifiers to 
separate water and oil. Ethoxylated and/or propoxylated resins based on 
nonyl- or isooctylphenol (Fig. 6.171) are frequently used as tensides. As the oil­
bearing deposits are exploited, the amount of water in the oil/water mixture 
increases, and production is halted at a specific level of water dilution. 

In exploitation of oil and gas wells, hydraulic fracturing represents an eco­
nomic way to stimulate a well's production rate. Undergroundformations exhib­
it weaknesses, and when the wellbore is pressurized with a fluid, the wellbore 
formation will break apart or "fracture:' As the fracture grows, it extends deep 
into oil and gas bearing sands. However, the fracture can close or heal unless it 
is fllled with particles like sand or ceramic pellets. These particles are called 
"proppants:' Proppants are essential to the success of hydraulic fracturing and 
today are credited with results where wells are stimulated to produce up to ten 
times the original production rate. Since the late 1970s, phenolic resins have 
been used to coat sand and ceramies for use as proppants [ 4- 7]. Resin coated 
proppants not only keep the created hydraulic fractures in oil and gas forma­
tions open; they also lock the proppant in the fracture to prevent flowback. 

The production of proppant sand is similar to that of coated sand used for 
the shell molding (in Germany "Croning") process for fabrication of molds 
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and cores in the foundry industry (see the Foundry Binder Sect.6.2.1.3,p. 300). 
The principal difference generally lies in the fact that the level of process­
related precure during sand coating must be modified for the later end use of 
the proppant sand. In many cases it may be presumed that final curing will 
take place in situ in the subterranean formation, since relatively high temper­
atures are prevalent in most cases. On the other hand, the precure must be 
relatively far advanced to achieve particularly good abrasion resistance. In 
practice, the coating may be carried out in multiple stages (for example three 
coats), the initial coatings receiving an advanced level of precure and the last 
coat a lower level. Details are available in the extensive patent literature. 

Various lubricants can be used as additives in the coated sand to increase 
the abrasion resistance [8]. Various types of wax, silicones, and similar mate­
rials are used as such additives. Incidentally, the brittleness of the coating can 
also be reduced by addition of polyvinyl butyral as a plasticizer. The strength 
may be increased with materials such as the conventional types of silanes also 
used in the foundry industry. The total resin Ievels ( 4- 5 o/o) are high er than in 
the shell molding process, and the addition level of hexamethylene tetramine 
( when a novolak is used as the bin der) rang es from 13 o/o to 17 o/o based on 
novolak. A higher level of precure may be used to ensure that the proppants 
retain particularly good gas and liquid permeability, a property that is impor­
tant for production of oil or an oil/water mixture. 

Resoles are only used as coating resins to a limited extent [9]. Earlier, the 
resole resins were adjusted in their properties so that the natural heat present 
in the geological formations sufficed to eure them in situ over periods ranging 
from only a few days to 60 days and more. The compact, resin bonded mater­
ial that resulted generally featured relatively high compression strength and 
permeability, properties that are of great importance for production of pe­
troleum. The disadvantage in the use of resole resins is the limited storage life 
of the sand, since the resin tends to eure partially even before use, leading to a 
reduction in its subsequent strength. 

There were initial complaints that the desired compression strength of the 
proppant mass was not achieved when the resole was replaced by a novolak. A 
possibility of improving this Situation consists of using novolaks containing a 
large fraction (up to 90o/o) of o,p'- and/or o,o'-dimers [10]. 

The patent Iiterature on proppants is quite extensive [11-20]. According to 
the patent literature, sand coated with an acid-reactive resin can also be used 
as proppant sand to permit curing at low temperatures. Phenol, furfuryl alco­
hol, formaldehyde co-condensates, and combinations of resoles with novolaks 
are recommended as coating materials. These are precured during the coating 
process by addition of latent curing agents so that a storable, dry, free-flowing 
material is obtained. Afterthese proppants have been injected into the subter­
ranean formation, where in this case relatively low temperatures prevail, they 
are treated with organic or inorganic acids dissolved in solvents. The desired 
eure then takes place even in the absence of elevated temperatures. 

As indicated above, technologies involving injection of water into the oil­
bearing formations have already been used for approximately 60 years in 
petroleum production. Simultaneaus oil production and water injection, 
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termed "secondary recovery:' has meanwhile hecome an estahlished proce­
dure [21]. Secondary oil recovery techniques increase the petroleuro yield to 
ahout 30-40 o/o of total. Yields of 55-60 o/o are only ohtained in exceptional 
cases. Methods termed "tertiary" processes have heen developed to raise the 
yield further, and are classified into two types: (1) application of heat [22] or 
(2) chemical methods [23]. 

Of the chemical methods, an important one is addition of tensides. The sur­
face tension at the oil-water interface is reduced hy such surfactants, and a 
lower residual oil saturation level is thus achieved. Such processes have heen 
used on an industrial scale, hut the economic advantage is reduced due to the 
high costs of investment, energy, and expensive chemicals. Thus, tertiary oil 
recovery processes are only of significance if there is a dire need for increased 
petroleuro yields in times of raw material shortages. 

6.3 
Complementary Bonding 

Phenolic, cresol, xylenol, and alkylphenol resins are comhined in various ways 
with other thermosetting resins such as epoxies or different types of elasto­
meric products in the areas of coatings, adhesives, sealants, and ruhher mixes. 
In these applications, phenolic resins act as complementary resins; their addi­
tive effects provide the overall system with specific properties including che­
mical resistance, weathering stahility, enhanced adhesion and cohesion, and 
adhesion to metal. A typical example is production of protective interior can 
coating from comhinations of phenolics with epoxies or polyester resins. Spe­
cific phenolic resins can he used as additives to increase the film hardness and 
to optimize the corrosion resistance results and "throwing power" of electro­
phoretic coatings hased on various hinder systems. 

Complementary honding is also important in the production of ruhher 
mixes, particularly those used to fahricate automotive tires. Phenolic resin­
hexamethylene tetramine systems provide the ruhher mixtures with increased 
strength and ahrasion resistance. 

For the sake of completeness, it should also he mentioned that comple­
mentary honding can also exist in applications involving modified phenolic 
resins, i. e., comhination systems in which the range of properties is stilllarge­
ly dominated hy the phenolic. Examples are ruhher-modified hinders for 
hrake linings, epoxy-modified phenolics for production ofhigh hurst strength 
grinding wheels, and tung oil modified phenolic (impregnation) resins for 
cover sheets of electrical paper-hased laminates to improve various physical 
properties. 
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6.3.1 
Phenolic Resins for Coatings and Surface Protection 

6.3.1.1 
lntroduction: History and Possible Applications 

A direct result of the search for a synthetic substitute for natural shellac led to 
the discovery of phenolic resins, materials used as binders for the production of 
thermosetting molding compounds and in many other applications as describ­
ed in Baekeland's "heat and pressure" patent [1]. Shellac, which was obtained 
from a secretion of the lac insect (Kerria lacca), was expensive and unavailable 
in the amounts required to produce UV resistant and glossy varnishes. An ini­
tial substitute - the phenolic resin-based "Laccain"- was developed by the Ger­
man ehernist C.F. Meyer as reported by Schwenk [2] and listed in Table 5.1, but 
did not completely meet existing demands (for example, light resistance). The 
search for a shellac substitute that ultimately led to the Baekeland discovery, the 
first completely synthetic plastic, is analogous to current efforts to substitute 
synthetic compounds for the natural products CNSL ( cashew nutshellliquid, 
used as a phenolic resin modifier in various applications) and tung oils. 

Some disadvantages of phenolic resins that are obstacles to their increased 
use as suitable coatings resins as sole binders include their limited resistance 
to light, brittleness in the cured state, absence of flexibility, and their taste and 
odor characteristics. These limit their use in the packaging area. 

Distinct advantages of phenolic resins include their high level of chemical 
resistance in the cured state, the marked complementary bonding function, 
their compatibility and reactivity with other resin systems such as epoxy, 
melamine, alkyd, and furan resins, and the chemical bonding function, i. e., the 
potential chemical reactivity of the phenolic and side-chain hydroxyl groups. 
Examples involving this reactivity include the reaction of the phenolic 
hydroxyl group with epoxides, etherification of methylol groups in the side 
chains, polyurethane formation by reactions of nuclear or primary side-chain 
hydroxyl groups with polyisocyanates, and the possible production of water 
soluble systems by acidic derivatization [3]. 

Tradeoff of advantages and disadvantages results in opportunities for use 
of regular and modified phenolic resins (Table 6.95) in the coatings industry 
and surface protection areas mentioned below [ 4- 7]. 

Phenolic resins are used: for packaging enamels, protective interior var­
nishes, in combination with medium to high molecular weight epoxy resins (for 
example the combination of Rütaphen® 9646 LB with Rütapox® 0197) or poly­
ester resins; for hot and cold curing anticorrosion coatings in combination with 
epoxy resins or vinyl polymers; in electrically insulating coatings (impregnating 
and dynamo sheet varnishes, wire enamels) using phenolics as the solehinder 
or an additive, but also in combination with alkyd resins; for oil coatings contain­
ing binders produced by cooking alkylphenol resins with unsaturated fatty 
oils; for alkylphenol resin-modified printing inks based on natural and in some 
cases hydrocarbon resins; in the form of novolaks in photosensitive coatings; and 
for modern chemical and solvent resistant powder coatings for electrostatic 
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Table 6.95. Use of phenolic resins as binders or additives in the field of coatings (survey) 

Applications System 

Packaging varnishes Phenolic/epoxy resins 

Heat-resistant Phenolic/ epoxy resins 
anticorrosion coatings 

Cold curing systems Phenolic resins/vinyl polymers 

Electrophoretic dip Phenolic resins as additives 
coatings 

Electrical impregnating Phenolic/alkyd resins 
varnishes 

Dynamo sheet varnishes Phenolic resins (plasticized) 

Wire enamels Phenolic resins as additives 
(to improve tlow) 

Photo resists Novolaks + diazo systems 

Printing inks Alkylphenol resins as additives 

Powder paints Novolaks as epoxy resin curing 
agents 

Use 

Cans, tubes, canisters, drums 

Corrosion protection 

Wash and shop primers 

Anodic or cathodic methods 
of vehicle body coating 

Consolidation of coil windings 

Coil coating of dynamo sheet 

Wire varnishing 

Photolithographie printing 
plates 

Uniform drying printing inks 

Chemical and solvent resistant 
systems ( environmentally 
friendly coating methods) 

powder coatings, in which novolaks can be used as epoxy resin curing agents ( cf. 
curing of epoxy resin molding compounds, Sect. 6.1.3.11, p. 230). 

6.3.1.2 
Phenolic Resins as Binders in Coatings (Types of Resins and Modifications) 

In most cases, however, the use of phenolic resins as coatings binders in the 
areas mentioned above requires internal and external modification to com­
pensate completely or partially for the above-mentioned disadvantages and to 
utilize fully the attractive advantages. This involves the utilization of phenolic 
resin chemical reactivity, for example, by etherification, and variation of this 
reactivity and the molecular weight distribution, made possible by changing 
the ratio of phenol to formaldehyde. Phenolic coatings resins - mainly modi­
fied resoles - can be classified into eight groups (Table 6.96) on the basis of 
their chemical structures; the number of these groups rises considerably when 
the phenolic moiety is replaced by the pertinent methyl and dimethyl deriva­
tives, and alkylphenols by t-butyl, octyl, nonyl, or other phenolic derivatives. 

Table 6.96. Classification of phenolic coating resins according to their chemical constitution 

1. Heat and acid resistant resins 5. Resoles for water thinnable paints 
(general purpose resole-type resins) ( containing, e. g., carboxyl groups) 

2. Modified resoles 6. Non-curing resins (general purpose novolaks) 
3. Plasticized resoles 7. Modified novolaks 
4. Etherified resoles 8. Alkylphenol resins (resoles and novolaks) 
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Fig. 6.172. Condensation of a phenolic resole with rosin acid 

Phenolic resoles are produced using various ratios of phenol to formalde­
hyde, diverse catalysts, and can exist in water-borne, solid, or dissolved form. 
Although the reactivity is decreased by use of difunctional phenols such as 
o-cresol, flexibility is improved. Significant changes in the solubility (by alte­
ration of the molecular polarity from polar to nonpolar) can be achieved by 
partial or complete replacement of phenol by alkylphenolssuch as those con­
taining t-butyl, octyl, and nonyl groups. Etherification of the methylol groups, 
for example with butanol, similarly leads to changes in the reactivity, compa­
tibility with other binders and solubility. Certain improvements in the range 
of properties can be achieved by such means. Chemical modification of the 
resoles with natural resins such as rosin affords improved solubility in non­
polar solvents and good compatibility with other coatings' raw materials. The 
various grades of rosin contain diterpene-type rosin acidssuch as abietic acid. 
The reaction proceeds at temperatures ranging up to a maximum of 250 °C. 
The main reaction involves condensation of the resoles with the rosin acid and 
elimination ofwater (Fig. 6.172). 

Trifunctional phenolic resoles can undergo very dense crosslinking, after 
which they exhibit particularly high acid, chemical, and heat resistance. How­
ever, their resistance to alkali is very limited. Alkylphenol resoles generally 
represent solid products exhibiting melting points ranging from 65 oc to 
100 °C, and due to their linear structure were earlier used for cooking with 
unsaturated oils such as tung oil, castor oil, and oiticica oil. Today, both un­
modified and oil-modified alkylphenol resins are used, mainly in alkyd resin 
systems, as complementary resins to enhance the chemical resistance and 
through drying properties. 

The transformation of phenol, cresol, xylenol, and alkylphenol-based re­
soles into their etherified counterparts in slightly acidic media leads to prod­
ucts that are compatible with aliphatics and aromatics, and are used in com­
bination with epoxy, alkyd, polyvinyl, and acrylic resins for oven drying ena­
mels with stoving temperatures ranging from 160 °C to 220 °C. "Phenolic 
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ether" resoles are produced by etherification of the phenolic hydroxyl group 
[8, 9]. Grades etherified using allyl chloride are mainly used in combination 
with other resins for stoving coatings. Due to the blocked phenolic hydroxyl 
groups, these coatings feature good alkali and yellowing resistance. Water 
thinnable coating systems may be produced using carboxyl group-containing 
phenolic or Bisphenol A resoles or their salts [ 10, 11]. Film formation requires 
high stoving temperatures. 

Except in powder and photosensitive coatings, straight phenolic novolaks 
are rarely used. Partial substitution of the phenol or cresol in phenolic novo­
laks by alkylphenols such as t-butylphenol improves the compatibility with 
low polarity solvents and enhances the oil compatibility. Alkylphenol novolaks 
may thus also be cooked with unsaturated oils. 

6.3.1.3 
Phenolic Resin Coatings Composition 

A phenolic resin coatings formulation contains the following components: 

1. Binders: phenolic resins alone or in combination with other synthetic 
resins. The hinder or hinder combination is designed to give the coating 
film good mechanical strength and provide it with chemical resistance. It 
should provide good adhesion to the substrate as a prerequisite for protec­
tion against corrosion. This requires prior treatment of the substrate, either 
by mechanical (sandblasting), physical (degreasing), or chemical means 
(phosphatizing). 

2. Solvents: these function only as a temporary processing aid. 
3. Fillers: these include both inactive materials such as silicates, sulfates, and 

fibers, tagether with active anticorrosion pigments such as chromates, and 
colared pigments. The purpose of fillers is to strengthen additionally the 
coatings layer, and if appropriate to provide it with a color effect. 

4. Additives: these represent curing catalysts, flow promoters, and other ma­
terials that are added in small amounts and are not directly involved in 
formation of the coatings film, but they can significantly affect the re­
sulting film properties. 

6.3.1.4 
Packaging Coatings (Protective lnterior Coatings) 

Packaging coatings (Fig. 6.173) are materials used as protective coatings or 
varnishes on metallic containers made of tinplate, aluminum, or black iron 
sheet metal used to package products such as cosmetics (spray cans), bever­
ages, and pharmaceuticals. Protective interior coatings for food cans, tubes, 
spray cans, and heavy-duty packaging made of tinplate, aluminum, or sheet 
iron are exposed to a wide variety of mechanical and chemical stresses during 
manufacture and use of the packaging [ 12- 14]. Such coatings systems are also 
used to coat the exteriors of containers in the packaging line. 

Food can coatings [15, 16] that are applied to the sheet metal by the roHer 
coatings method must be stack and block resistant, capable of being punched 
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Fig. 6.173. Various meta! 
packages coated with interior 
protective varnishes 

and deep drawn, sterilization resistant, and must possess the ability to with­
stand various ingredients. Resistance to propellants and entraining agents is 
additionally required in the case of interior coatings for spray cans. Tube var­
nishes are subjected to severe deformation, and must remain very flexible even 
when exposed to the ingredients. Coatings for heavy-duty packaging such as 
pails and drums must exhibit great shock and impact resistance. These diver­
se and, in some cases, conflicting requirements are best met by using hinder 
combinations composed of relatively high molecular weight epoxy resins such 
as Rütapox 0197 or spezial polyesters and phenolics (Table 6.97) to afford pro­
ducts termed "golden varnishes" in the case of protective interior coatings. The 
mixing ratio of epoxy to phenolic resin is generally 55:45 to 80:20. These clear 
varnishes are produced by mixing 40- 50 o/o solutions of the two components 
at ambient temperature. Phenolic resins of low reactivity may be accelerated 
by using selected salts of o-toluenesulfonic acid. The varnishes may be applied 
by spraying them on the interior surfaces of the finished containers and stov­
ing the coatings at 180-280 °C. They result in coatings exhibiting a golden 
shade whose intensity depends on the stoving conditions. If desired, the color 
shade of the varnish coatings can be rendered more intense by use of"tinting 
resins:' Such resins, used as additives, are obtained by methods such as con­
densation of furfural with phenol. 

Metal sheets or strips (in coil coatings) are continuously coated in the 
roll er coatings process. The thickness of the coatings is generally 6- 8 Jlffi 
after stoving. This corresponds to an applied wet varnish coatings of 5 g/m2• 

The desired containers may be produced from the varnished sheets or strips 
by shaping under pressure. The phenolic resins used in this field, such as 
Rütaphen 9646 LB, conform to the requirements of the U.S. Food and Drug 
Administration [ 17]. Etherified products ( resins D, E, and F in Table 6.97) are 
used in addition to low molecular weight phenolic resoles for production of 
epoxy/phenolic resin combinations. Flow problems can be prevented by 
incorporation of additives or by pre-condensation of the resins (resin G in 
Table 6.97). The latter also improves the chemical resistance. 
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Combinations with added polyvinyl butyral are also common. This 
achieves excellent chemical resistance. Depending on their composition, the 
epoxy/phenolic or polyester/phenolic resin combinations are suitable for 
practically all toned, unpigmented, interior varnishes. 

They are not appropriate for use in lightly pigmented interior varnishes, 
where polyesters or special epoxy resins are used. It is also possible to use a 
combination of water-borne acrylates with aqueous phenolic resoles such as 
resin Bin Table 6.97. 

6.3.1.5 
Anticorrosion Primers 

Anticorrosion primers include the very rapid (physically) drying, unpigmen­
ted, weldable primers based on phenolic novolaks containing small fractions 
of plasticizing additives such as alkyd resins or polyvinyl butyral. These pri­
mers are designed to provide protection to the interiors of tanks and storage 
containers, piping, and machine housings. The coating fllms feature good re­
sistance to water, gasoline, and mineral oil. 

Wash and shop primers, also termed "reaction primers;' similarly represent 
anticorrosion primers. These are adhesion primers based on acid curing phe­
nolic resins, flexibilizing agents, adhesion promoters, anticorrosion pigments, 
and phosphoric acid. The latter not only serves as a curing catalyst, but also as 
a phosphatizing component for the metal substrate. Washprimers were devel­
oped in an effort to protect the individual components used in shipbuilding 
(such as metal sheets and profiles) against corrosion in an uncomplicated 
manner until completion of the structure. Added film-forming agents and 
anticorrosion pigments enhanced the protective effect. Thus, polyvinyl buty­
ral, phenolic resin, active pigments, and phosphoric acid in addition to the 
solvents still represent the basic components of these primers, even today. 
Methylol group-rich, acid curing types of phenolic resin are used in this appli­
cation. A wash primer only offers temporary protection against corrosion. 
Over a period of time, the priming operation was shifted to the workshop of 
the component manufacturer, and the "shop" primer was developed. Its for­
mulation resembles that of the wash primer, and it similarly offers only tem­
porary protection against corrosion (six months to one year), but in this case 
represents the permanent primer coat. Theseair drying wash and shop pri­
mers have been further developed into economical, high quality anticorrosion 
primers. They are applied by spraying, including electrostatic spraying, becau­
se they dry rapidly, and can be applied "wet on wet". The coatings fllms are 
weldable, can be overcoated, are waterproof, and resist the effects of exposure 
to marine environments and industrial atmospheres. Shipbuilding, bridge, 
and general steel construction, and mechanical and automotive engineering 
represent the pertinent fields of application. Air drying oil coatings mainly 
used as primers and topcoat enamels in shipbuilding and hydraulic engineer­
ing may be produced on the basis of alkylphenol resins (resins 0 and P in 
Table 6.98). The alkylphenol resins are cooked with unsaturated fatty oils such 
as tung oil or linseed oil. The physical and chemical properties of the coatings 
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Fig. 6.174. Condenser with 
interior tubes protected 
against corrosion with spe­
cial-purpose, phenolic­
based combination binders 

films can be adjusted to produce an optimal combination for the specific 
application by modifying the ratio of resin to oil. The phenolic resin fraction 
promotes hardness and resistance to various media, and the oil fraction flexi­
bility and adhesion. The coating films dry oxidatively (react with oxygen) and 
feature good water and weather resistance. 

Phenolic resins have also been successfully used as binders for heavy duty 
corrosion protection (Fig. 6.174) in equipment construction [18]. The term 
"heavy duty corrosion protection" is only understandable when it is related to 
the stresses to which a protective system is exposed. In this case, particularly 
aggressive media such as acids, alkalis, salts, and organic solvents - but also a 
material such as water in the form of cooling and drinking water - render this 
type of special protection necessary. 

Combinations with epoxy resins may also be used to enhance the chemical 
resistance in heavy duty corrosion protection. Straight epoxy resin coatings 
are generally cured using catalysts, whereas phenolic resins are cured at elevat­
ed temperatures ranging from 160 °C to 200 °C. Heat exchanger tubes, boilers, 
and various pieces of equipment are provided with protective phenolic resin­
based coatings by centrifugal casting or spraying. The individuallayers of the 
coatings should not exceed 40-80 11m. Solvent containing coatings systems are 
used that flow freely enough to allow penetration into the narrow cross-sec­
tion of a heat exchanger tube, and can provide adequate wetting of the sub­
strate. Each individual protective layer must then be precured in an oven at 
160 oc, and the final coatings, up to about 250 11m thick and consisting of mul­
tiple layers, completely cured at 200 °C. When a protective coating is to be 
applied to the interior of piping, this operation is performed after the pipes 
have been welded into the system. The thin, hard, smooth protective coating 
with excellent adhesion for heat exchangers can be produced using coatings 
based on phenolics such as resin K in Table 6.98. The smooth surface is impor­
tant to prevent formation of deposits or crusty materials. Deposits of materi­
als such as lime can Iead to problems such as blockage and constriction of the 
heat exchanger tubes, and significantly impair their efficacy. Smooth surfaces 
furthermore facilitate cleaning. 
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Electrophoretic dip coating, a method of considerable significance in the 
automotive industry, is carried out using water-borne, environmentally 
friendly coatings systems [ 19] containing a maximum of 5% solvent. The coat­
ings, which have been used industrially for more than 25 years, are electroly­
tically applied from emulsions. When a direct current is applied to two elec­
trodes in a dipping bath, ionized coatings particles electrophoretically migra­
te to the oppositely charged electrode and are deposited on substrates 
connected to the anode or cathode [ 20, 21]. Coatings systems containing "mal­
einate oils" such as the reaction products of maleic anhydride and linseed oil 
[22] as the main hinder are used in the anionic method, and can be more den­
sely crosslinked when stoved if phenolic resins are added [ 23]. For a long time 
this method was popular for priming automotive bodies. 

A transition to the cathodic deposition method, that offers still more reli­
able corrosion protection, took place at the end of the 1970s. Epoxy resin 
systems that can be modified with polyesters and whose epoxide groups have 
been reacted with amines or ammonium salts [24] are mainly used in the 
cathodic EDC (electrophoretic dip coat) process. Special phenolic resins such 
as resin L in Table 6.98 may similarly be added in this case to improve the Ievel 
of protection against corrosion and increase the film hardness of products 
such as primers used for automotive accessory components. Alkylphenol 
resins that afford increased flexibility, such as Rütaphen 9435 LA, can also be 
used for special parts. Special demands on electrophoretic dip coats include 
good deposition properties and throwing power, affording primer coats ex­
hibiting particularly desirable properties. 

6.3.1.6 
Electrically lnsulating Coatings 

Electrically insulating coatings in which phenolic resins can be used include 
electrical impregnating and dynamo sheet varnishes, and wire enamels. Elec­
trical impregnating varnishes are used to strengthen mechanically the wind­
ings of electric motors, which are exposed to magnetic stresses and to cen­
trifugal forces due to rotation. The varnish simultaneously promotes dissipa­
tion of heat from the windings and provides protection against moisture and 
aggressive media. Phenolic resins such as resin M in Table 6.98 are used in 
combination with flexibilizing resins such as alkyds at ratios of phenolics to 
alkyds: 1:1 to 1:2 for production of impregnating varnishes of (German) 
Thermal Classes B and E. After the windings have been impregnated by the 
vacuum/pressure method, the varnish is cured at 120-140 °C over a period of 
4-8h. 

Special phenolic resins such as resin N in Table 6.98 can be used as the sole 
hinder for production of dynamo sheet varnishes. Small amounts of plastici­
zers improve the adhesion and die cutting properties. The varnishes are 
applied by roller coatings at dry coatings thicknesses of about 5-20 1.1m using 
the coil coatings process. The graphitization Ievel of the phenolic resins used 
for the varnish must be particularly high when the sheet packets are welded 
using the Argonac process to prevent development of thick smoke. 
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Phenolic resins such as resin 0 in Table 6.98 are also used as additives in 
wire enamels to improve flow, increase the consolidation strength, and provide 
coloration. The purpose of a wire enamel is to insulate the current carrying 
windings in electrical machines such as electric motors, generators, and trans­
formers from one another. The main binders for wire enamels are presently 
polyimides, polyamide-imides, polyester imides, polyester, polyurethanes, and 
oil-based enamels. 

6.3.1.7 
Miscellaneous Coatings Applications (Printing lnks, Alkyd Coatings, 
Photosensitive Coatings, Powder Coatings) 

Natural resin (rosin)-based printing ink resins can be modified by reaction 
with alkylphenol resin such as Q in Table 6.98. The reaction takes place at 
temperatures around 250 °C. Further reactions with polyalcohols ( esterifica­
tion) are then carried out. The products feature good drying properties and 
high pigment binding levels. 

Alkyd coatings can similarly be modified with alkylphenol resins. This 
involves either cooking the components together, or blending them at ambient 
temperature. This increases the chemical resistance and improves the through 
drying properties. 

Photosensitive coatings are used with such products as novolak-diazo 
system-based positive photosensitive resists which are used to produce pho­
tolithographic printing plates and printed circuits for electronic components. 
The subject of photoresists will be discussed in more detail in Sect. 6.3.1.8. 
Photosensitive coatings involve the following operations: 

1. Coating of a substrate surface with a layer of light-sensitive polymer 
2. Heat treatment of the coated substrate at temperatures of 70-125 °C 
3. Exposure through a photographic mask 
4. Development by treatment with an alkaline solution 
5. Possible further treatment to transfer the resultant resist structures to the 

substrate surface by etching or electrochemical deposition 

In practice, novolaks and diazo compounds are dissolved in alcohols or glycol 
ethers, and subjected to reaction if appropriate. It is important that the novo­
lak, for example, resin R in Table 6.98, exhibit uniform quality ( constant speci­
fic molecular weight distribution). Depending on the required sensitivity to 
light, the ratio of diazo compounds to novolak ranges between 1: 1.5 and 1: 15. 
The coatings contain a variety of additives, and exhibit a solids level of around 
20-30%. The substrate is coated by spraying, dipping, roller coating, or cen­
trifugal casting. After the coating has dried, the pre-sensitized substrate sur­
face is exposed. The unexposed areas are insoluble in alkaline medium. They 
exhibit hydrophobic characteristics and may be wetted with printing inks. The 
exposed areas are rendered soluble in alkali by chemical reaction with the 
diazo compound. The metallic surface is hydrophilic and is not wetted by 
printing inks. 
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As solvent-free coatings systems, powder coatings [25] are presently of 
great importance. They are generally produced by the extrusion process. In 
this method, the resin, curing agent, pigments/flllers, additives, and flow 
promoters are melted to yield a homogeneaus mass at temperatures of 
100- 130 °C. The melt is then cooled and the extruded material reduced in size, 
finely milled, and separated into a specific particle size range. Electrically 
grounded objects are coated with the electrostatically charged powder par­
ticles. The powder coating is then crosslinked in a stoving oven at 150-220°C 
for 5-20 min. Epoxy, polyester, and polyurethane systems are mainly used as 
binders. 

Phenolic resins, for example, resin S in Table 6.98, may be used as curing 
agents for special-purpose epoxy powder coatings. Such coatings featurehigh 
chemical and solvent resistance as well as good flexibility and impact resis­
tance. High-gloss versions are also possible, and powder coatings further­
more exhibit good storage stability. Applications for phenolic resin contain­
ing powder coatings exist in interior coatings for piping, in pipelines, auto­
motive primers, the autornative accessories industry, and in certain types of 
packaging. 

6.3.1.8 
Photoresist/lmaging 

6.3.1.8.1 
lntroduction 

The use of phenolic materials in the development of an image involves the use 
of phenolic components that undergo a chemical or physical transformation 
as the image is formed. Imaging techniques that have been prominent within 
the last three decades and have utilized phenolic materials are photoresists, 
thermography or thermal recording, and carbonless copy paper or pressure 
sensitive recording paper. Carbonless copy paper and thermography are dis­
cussed in Sect. 6.5.2. Table 6.99 distinguishes each of these methods and iden­
tifies the type of phenolic material that participates in the formation of the 
image. 

Table 6.99. lmaging methods using phenolic materials 

Method Chemical/physical Phenolic type Bonding function 
transformations 

Photoresist Actinic light Cresol novolak, PHS • Complementary 

Carbonless copy pressure,rupture Zinc salt of alkylyphenol Chemically 
paper charge transfer novolak reactive 

Thermography Heat/charge Bis phenols, salicylic acid Chemically 
transfer compounds reactive 

• Polyhydroxystyrene. 
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These varied imaging methods have had a great impact on many high tech­
nology growth industries in the 1980s and 1990s, particularly photoresists in 
semiconductors for computers tagether with thermal and pressure imaging 
methods for related equipment such as printers, recorders, as weil as com­
munication devices, facsimile, bar code, scanners, calculators. 

6.3.1.8.2 
Photoresist 

In the last two decades computers have increased in memory capacity with a 
corresponding reduction in size. This was facilitated by technical advances 
that occurred in photolithographic processes used in microelectronics manu­
facturing. Continuous improvements in microlithography have been the pre­
dominant factor for the miniaturization of computer components. In a period 
of 20 years, 16 MB semiconductor memory which originally occupied a 
volume of 0.2 m3 now occupies a space of 40 cm3 or a 4000-fold reduction. 
Table 6.100 provides the current computer capabilities and those anticipated 
in the future. 

The trend to reduce resist lines that form transistor circuits by roughly 10 o/o 
a year results in chipmakers introducing a new generation of chips every three 
years with a fourfold increase in memory capacity (DRAM). 

The competitive nature of the semiconductor industry is particularly keen 
worldwide with many nations viewing the semiconductor business as an 
important, high priority industry critical to national economy. For example, in 
1993 electronics accounted for $340 billion in the U.S. and more that $800 bil­
lion to the global economy. Its growth rate is equally impressive in the U.S. 
representing 10% annually compared to GNP of about 1 o/o, auto industry 
growth of 1.3%, and telecommunications of 3.7%. In 1992 the Semiconductor 
Industry Association (SIA) sponsored a collaborative effort among experts in 
industry, government, and academia to develop a common national "road­
map" for future semiconductor technology development and investment. It is 
known as the National Technology Roadmap for Semiconductors. The Road­
map reviewed and outlined the requirements for critical areas of semiconduc­
tor R & D, engineering, and manufacturing. 

Since then, Roadmap meetings convened by SIA are held every 2-3 years. 
The recently published "National Roadmap" for 1997 provides a 15 year 

forecast of technical challenges that must be considered to meet future 

Table 6.1 00. Computer capabilities 

Year 1997 2000 2002 2008 

DRAM (MB) 64 256 1024 16• 
SpeedMHz 300 500 500 700 
Resist line width (Jlm) 0.35 0.25 0.18 0.10 

• GB. 
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demands for faster, denser, more advanced computer chips. Some salient fea­
tures of the report are: 

- Increased silicon wafer size from 200 mm to 300 mm by 1999 and 450 mm 
by 2009. 
As the industry approaches 100 nm wave length for narrow line widths, 
non-opticallithography based on various methods such as extreme UV, 
E-beam, ion beam, and X-ray must be considered. 
New fabrication plants, known as "fabs;' are required with costs exceeding 
$1 billion per fab. 
Clean room standards for airborne particles are rated according to air 
quality. Class 1 chamber has 1 particle/28 1 of air for newly planned fabs. 
Also cleanroom standards for manufacture of chemicals, gases, photore­
sists, solvents, etc. are necessary. Purity is critical. Solvents with less than 
100 ppt impurities are common and shipped in teflon lined containers. 

Recently IBM reported that copper wired chips would replace aluminum 
which for 30 years has been the standard for the semiconductor industry. This 
new development will allow chip producers to reduce valtage since copper has 
lower resistance than aluminum, thus reducing power consumption and cool­
ing requirements. Further benefits of the novel IBM technology include reduc­
tion in circuitry (below 0.2 f.Lm line width), 40% faster computer processing, 
and increased memory capacity. 

Optical photolithography and innovative improvements have made it pos­
sible to create highly integrated circuits on silicon chips for industrial use. One 
of the key components is the photoresist with a total sales value in excess of 
$750 million worldwide. Optical photolithography involves resist exposure to 
actinic light using broad band, near to mid-UV region (300-450 nm) or deep 
UV (DUV). Exposure systems are equipped with high intensity light sources 
and a variety of lenses and mirrors for light collimation. The output of a Hg­
Xe lamp in the 300-450 nm region has several strong peaks (g, h, i lines) which 
may be isolated for exposing the resist. 

Resist line width and increased DRAM capacity are related as shown in 
Table 6.1 00. With continued anticipated high memory capacity and speed, it is 
expected that resist line width will continue to decrease to below 0.14 f.Lm. 
Advances in optical photolithography are becoming more difficult due to 
wavelength Iimitation (Table 6.101). 

Table 6.101. Correlation of wavelength, resist line width and resist material 

Wavelength (nm) 

g line 436 
i line 365 
Duva248 
DUV248 
DUV 193 

a Deep UV. 
b Chemical amplification. 

Resist line width (firn) 

< l.O 
0.35-0.5 
0.35 
0.18-0.35 
<0.18 

Resist material 

Cresol novolak 
Cresol novolak 
PHS+CAb 
PHS+CAb 
Aliphatic polymer 
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Fig. 6.175. Procedure for 
positive or negative resists 
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The use of deep UV or 193 nm wavelength will result in a shift from phen­
olic materialssuch as cresol novolak or PHS to aliphatic polymer (see later). 

The manufacture of the semiconductor device or computer chip involves 
spin coating the silicon wafer with a thin coating of photosensitive polymer 
and exposing it to a light source through a mask. The amount of radiation 
exposure changes the film's chemical structure in regions exposed to light and 
results in differences in dissolution rate in selective solvents or developer. Dis­
solving either exposed or unexposed portians of the film results in positive or 
negative tone images (Fig. 6.175). 

Photoreactive polymers, sensitive to UV light, are employed as resists-films 
that resist the action of etching agents. 

Positive Resists 

Positive resists are polymers that contain inhibitors that prevent wetting and 
dissolution by the developer. Specific factors are: 

- Upon optical exposure the inhibitor undergoes phototransformation to an 
acidic material (see Fig. 6.176) and increases solubility to basic developer. 

- The base developer removes the exposed areas of resist/inhibitor. 

Negative Resists 

Negative resists are linear polymers with photosensitive components that 
absorb light and promote crosslinking. Specific factors are: 

- Exposed polymer is insoluble due to crosslinking. 
- A developer solvent removes unexposed resin areas. 

The optical photolithographic process produces a 3-D relief image in the thin 
film that replicates opaque and transparent areas of the mask. This image can 
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Fig. 6.176. Positive photoresist system: image formation process of novolak-quinone diazide 
system 

be transferred to the silicon wafer by a sequence of etching, deposition, or 
implantation steps to the final semiconductor device. 

Two key elements which influence resolution of the photolithographic pro­
cess are wavelength of light and the chemical structure of the photoresist 
(Table 6.101). As the resist line width is reduced (Table 6.100), shorter wave­
length light is necessary: (UV, 350-450 nm); DUV (190-250 nm),and possib­
ly X-ray (IBM) and E-beam (Lucent). Intel-Motorola is investigating extreme 
UV (13 nm) technology. Presently the predominant technology in conven­
tional photolithography is based on 350-450 nm (g, h, i lines) and cresol novo­
lak resin. Incremental improvements in tool design and performance have 
allowed continued use of 350-450 nm to produce even smaller line widths. 
However greater chip capacity and computer speed characteristics are tending 
toward shorter wavelength (190-250 nm) or DUV [1]. 

Positive photoresist systems for photolithography consist of two com­
ponents: an aqueous alkali soluble resin (after light exposure) and a photo­
sensitive dissolution inhibitor. The resin is usually a cresol novolak while 
the photosensitive component is a hydrophobic substituted diazonaphthoqui­
none (DNQ) (Fig. 6.176). 

The cresol novolak, soluble in a variety of organic solvents for spin coating, 
becomes insoluble through the incorporation of the DNQ while the excess 
DNQ becomes basesoluble on exposure to UV light. These solubility differen­
ces result in an image that is subsequently incorporated within the device. The 
efforts of many investigators in U.S., Europe, and Japan provide the basis for 
the effective use of cresol novolak in photolithography [1-6]. 

The key features of cresol novolaks as initially described by Hanabata [ 4, 6] 
arepolymer microstructure and molecular weight distribution (MWD). 

Cresol Novolak Microstructure 

Increased photoresist optical resolution occurs when cresol novolaks possess 
a high degree of ortho-ortho linkage to facilitate complexation with DNQ 
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through a secondary "hydrogen-based" structural model as suggested by 
Zampini [7]. A hemi-calixarene structure is proposed and occurs via molecu­
lar interaction of cresol novolak phenolic hydroxyl groups and DNQ. The 
R group of DNQ (Fig. 6.176) is a multi-functional phenol with 1, 2, 3-tri­
hydroxy benozophenone preferred. When "g" line radiation is used (436 nm), 
DNQ 5 sulfonate is recommended whereas "i" line (365 nm) requires DNQ 4 
sulfonate. Favorable absorption of DNQ will occur in those wavelength 
regions depending on substituent location. 

DNQ 5 sulfonate DNQ 4 sulfonate 

Molecu/ar Weight and Molecu/ar Weight Distribution 

High Tg (80-150°C) cresol novolaks are desirable as photoresist materials. 
Features of a suitable resist material are: 

- Soluble in solvents to spin cast thin, uniform films 
- Reasonable T gs to survive processing steps 
- Exhibit no flow during pattern transfer 
- Possess reactive functionalityto facilitate pattern differentiation after irra-

diation 
- Have absorption characteristics for uniform imaging through resist film 

The desirable high MW characteristic improves thermal flow stability and 
minimizes resist distortion during subsequent processing steps. Moderately 
polar solvents such as propylene glycol monomethyl ether (PGME), propylene 
glycol monomethyl ether acetate (PGMEA), ethoxy ethyl propionate (EEP), or 
ethyllactate are required to dissolve cresol novolaks for spin coating. Molecu­
lar weight distribution (MWD) is equally important. Most cresol novolaks are 
moderately broad in MWD with Mw/Mn varying from 3 to > 7. Hanabata has 
shown that an improved resolution image is obtained through the use of tan­
dem (bimodal) type cresol novolak whereby medium MW material is removed 
leaving only high and low MW components. Recently Allen and coworkers [ 8, 9] 
conducted a more detailed examination of MWD by fractionation of commer­
cially available cresol novolak. Cresol novolaks were ultra-fractionated using 
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supercritical fluid technology (SCF), consisting of C02/cosolvents such as 
methanol and acetone. Various collected fractions were monodispherse 
(Mw!Mn ~ 1.0) and allowed an assessment of polymer properties such as T g, 
rate of dissolution, and Iithographie performance. Rate of dissolution relates to 
how rapidly the unreacted resist can be removed by base 1• By removing both the 
high·MW fraction (which dissolves very slowly in base) and low MW species 
(has very low Tg and dissolves very rapidly in base), a cresol novolak material 
was obtained with satisfactory dissolution rate and a high T g· It was identified 
as monodisperse middle fraction. A comparison of starting material parent 
novolak, monodisperse middle fraction novolak, and a composition known as 
tandem novolak (middle MW components removed) is shown in Table 6.102. 

Each of these cresol novolak systemswas evaluated in "i" line resist formu­
lation. All three systems exhibited various deficiencies as various performance 
characteristics were evaluated. Allen was able to formulate a high performance 
resist ( composition not reported) from these ultra-fractionated cresol novolak 
components with a balance of properties related to contrast, dissolution rate, 
microgrooving, and residue. 

Table 6.102. Comparison of parent MW cresol novolak, monodisperse middle 

Fraction cresol novolak and tandem cresol novolak 

Type 

Mn 
Tg (°C) 
Dissolution rate (!lmlmin) 

Cresol Novolak Preparation 

Parent novolak 

1800 
98 
0.45 

Tandem 

3500 
132 

Middle fraction 

1700 
117 
1.8 

Cresol novolaks are produced by conducting the acid catalyzed reaction be­
tween formaldehyde and one or more multi-substituted phenols (cresols, 
xylenols) in a polar solvent, diglyme. Oxalic acid is the preferred catalyst. 

Competitive reactivities as well as positional reactivities of cresol isomers 
is lacking for acid catalyzed reaction of cresol with formaldehyde. Bogan [5] 
determined these by conducting competitive experiments consisting of equi­
molar amounts of phenol and cresol isomer with very low amounts of F 
(0.02 equivalents) under acidic conditions and then examined the monomer 
free polymers via NMR. The following ranking was obtained: 

1. Phenol 1.00 
2. p-Cresol 0.47±0.01 
3. o-Cresol 2.36 ± 0.05 
4. m-Cresol 6.03 ± 1.78 

1 An understanding of dissolution of phenolic resist materials has been a subject of consider­
able discussion [1, 10, 11]. Percolation theory by Reiserand Shih [10] and a new"probabilis­
tic model" by Willson [ 11] attempt to provide a better understanding of novolak dissolution 
and process variables. 
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The greater reactivity of o-cresol with F in comparison to phenol is surprising 
and is explained by a two-step mechanism of F with the cresol monomer (F 
addition to cresol and condensation of hydroxymethyl cresol to dimer). The 
addition of hydroxymethyl cresol to another cresol is approximately ten tim es 
faster as the formation of methylol from F and monomer. When competitive 
experiments are conducted (as in this method) todeterminerelative reactivi­
ties, information relates to both reaction steps (addition and condensation). 
Thus o-cresol is more than twice as reactive as phenol; m-cresol is six times 
more reactive. 

Relative positional reactivities of ortho and para sites of phenol and cresols 
were also reported. 

OH 

1.06 
10 

3.7 

OH 

1 .0~CH3 
V 

3.23 

OH 

1.0~ 0.4 
llAcH 

1.68 3 

Since high ortho, ortho cresol novolak microstructure is desired, it requires 
the copolymerzition of m- and p-cresol monomers with F. Using the same 
competitive experimental scheme for m-cresol with F, relative site reactivities 
for m-cresol were determined [12]. A lower site reactivity of p-cresol of 0.09 
relative to m-cresol was reported [13, 14]. By computer simulation the m-, 
p-cresol novolak compositions were plotted using these measured reactivities. 
Comparing these plots with the synthesis of m-cresol homopolymer and with 
m-, p-cresol copolymers with 70: 30 and 50: 50 charged ratios, Bogan was able 
to show the amount of unreacted cresol at end of reaction, fraction of m-cre­
sol rings in the polymer that are substituted at both the 2 and 4 positions, and, 
importantly, the composition of the m-, p-cresol copolymers. In Fig. 6.177, 

Fig. 6.177. Computer simula­
tion (dashed lines) and 
experimental charges of 
m-, p-cresol/F ratios 
vs m-cresol content in the 
product 
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when 70:30 m-, p-cresol was charged in the reactor with an F:cresol ratio of 
0.4-0.6, the m-cresol content in the copolymer was- 90% (88-90%), slightly 
lower than the computer simulated curve. Similarly 50:50 m-, p-cresol with 
the same F:cresol ratio yielded values of m-cresol content of 70-78% which 
also varied from computer simulated curve. Since p-cresol is exceedingly less 
reactive than m-cresol, a higher fraction of p-cresol in the initial charge yields 
not only high MWs but also more branching (2,4,6-m-cresol substitution pat­
tern) at a given F: cresol ratio. As the F:cresol ratio is increased, more p-cresol 
is found in the end groups. In fact 95% end groups are p-cresol. p-Cresol is an 
effective chain stopper. 

Other synthetic methods have been examined to prepare high ortho, ortho 
containing cresol novolaks. Hanabata [ 15] used divalent metal salts with 
m-cresol and F. The use of bis hydroxymethyl p-cresol has been effective in 
preparing alternating block copolymer resins with high ortho, ortho com­
position [16, 17] (Eq. 6.1); the method provides a basis for comparing high 
ortho, ortho block copolymer with random m-, p-cresol novolak in photo­
resist performance. 

(6.1) 

Jeffries [18] extended the block copolymer (above) method by preparing an 
ABA block copolymer consisting of p-cresol trimer as the interior (B) segment 
and m-cresol novolak asterminus A (Eq. 6.2): 

(6.2) 

The block copolymer exhibited similar photospeed as a 40/60 random m-, 
p-cresol novolak but exhibited less resolution and some scum. 

The method of Casiraghi [19] was utilized to prepare high ortho, ortho 
m-cresol oligomeric novolaks [20] (Eq. 6.3): 

OH b 175'C, 

+ Paraform -18-hr_s--
H C 8.5 Atm. 

3 Xytene 

(6.3) 

p,p' o,o' o,p' 

55 to 75% methylene are o,o' bonded 
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The high ortho, ortho oligomer was then transformed into high MW material 
by reaction with F or p-cresol!F (Eq. 6.4): 

o,o'Oiigomer 
CH20 

fCH2-0iigomer-CH2-0iigomert -H+ 

High MW product 

or 

OH 

~ t···~c~~ 
(6.4) 

o,o'Oiigomer + Q w I "&; 

CH3 CHa n 

Photoresists based on these polymers containing ortho, ortho m-cresol inter­
mediate provide resist profiles, acceptable photospeeds, good resolution with­
out scum, and very good depth of focus with high image integrity. 

Other aldehydes besides F have been examined in novolak preparation but 
have not resulted in any commercial products. Cresol novolaks with F have 
been the preeminent resist material from broadband actinic radiation to short 
wavelengths below 300 nm. Current efforts are trending to deep UV (DUV), 
248 nm wavelength. Below 300 nm cresol novolaks are opaque. Improvements 
in the 250 nm transparency region while maintaining similar inhibitor disso­
lution characteristics resulted in replacing cresol novolak with poly ( 4 
hydroxystyrene), PHS [1]. 

fcH-CH2in Q "PHS" 

OH 

A comparison of UV absorption spectra (Fig. 6.178) of PHS and cresol novo­
lak indicates that PHS absorbs -60 o/o less than cresol novolak at 250 nm. 
However the slow dissolution rate of PHS in alkaline media has resulted in the 
introduction of alkyl groups on the ring to improve the dissolution rate. Both 
mono and dialkyl derivatives have been successfully evaluated as matrixresins 
for DUV (248 nm) resist materials. 

The dissolution rate of PHS was also improved by reaction of PHS with 
6-hydroxymethyl-2,4-dimethyl phenol [21] (Eq. 6.5): 

(6.5) 



Fig. 6.178. UV absorption 
spectrum of poly(hydroxy­
styrene) vs a conventional 
novolak [1] z 
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Sensitivity is a related issue which is important in the design of resist materi­
als as shorter wavelengths are used. A recent development that has been suc­
cessfully applied in providing resists with high sensitivity is chemical amplifi­
cation [ 3, 22- 25]. Chemical amplification involves the photogeneration of an 
acidic species that catalyzes several subsequent chemical transformations 
such as removal of a protecting group or crosslinking of a matrix.A chemical­
ly amplified resist consists of three components: 

1. Matrix polymer 
2. Photoacidgenerator 
3. Component effecting differential solubility between exposed and unex­

posed areas through crosslinking or other reactions 

Chemically Amplified Resists (CAR) 

Components that comprise CAR type materials are: 
1. Matrix resins ( cresol novolaks, PHS, protected PHS and PHS copolymers) 
2. Photoacid generators (onium salts, DDT and arylbis trichloromethyl-s-

triazine) 
3. Crosslinking agents (melamine derivatives, benzyl alcohol derivatives) 

An early example of a commercial CAR system developed by IBM [25] was the 
"t-BOC resist" which consisted of a mixture of poly [ 4-( tert-butyloxycarbonyl) 
oxy] styrene (PBOCST) and triphenylsulfonium hexafluoroantimonate, pho­
toacid source (Eq. 6.6): 

hv/ 
/250nm 

(6.6) 

A small radiation dose is required to produce an image. An exposure dose of 
only 1-2mJ/cm2 was required at 250 nm as compared to classical cresol novo­
lak/DNQ resists which need 200-300 mJ/cm2 at 365 nm. 
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Fig. 6.179. Negative resist based on calixarene 

Crosstinking agents based on methylol phenols have been prepared and 
evaluated by Frechet and coworkers [26, 27]. Various cresol methylols, bis 
phenol F tetramethylol, bis phenol A tetramethylol, among others, were shown 
to be effective crosslinkers of PHS in CAR systems with variable sensitivities. 

Several monomethylolated, dimethylolated cresols, xylenols, and various 
mers [2-5] have been described by Sumitomo Chemical [28]. These methylo­
lated materials were proposedas intermediates for DNQ compounds or for the 
preparation of cresol or xylenol novolak resists. 

An unusual negative resist 365 nm based on a calixarene resin matrix, 
methylolated phenolic materials as crosslinking agent and anthracene sul­
fonate as photoacid generator [29] is shown in Fig. 6.179. 



Fig. 6.180. Highresolution 
0.12 flill features [ 30) 
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For sub-0.20 jlm devices, 193 nm photoresists may be required. Allen [ 30] 
recently reviewed some of the choices that the semiconductor industry must 
consider for narrow line widths below 0.20 jlm. Aliphatic polymers are the 
matrixresins of choice and vary from acrylates, cyclic olefins, or hybrids. Thus 
as shorter wavelengths (DUV) are used, aliphatic polymers will be required 
(Table 6.101). Figure 6.180 shows 0.12 jlm features. 

Phenolic materials (cresol novolaks and PHS) will continue tobe used in 
photolithography into the next century. As chip capacity and line widths nar­
row, aliphatic resin systems will be the resist resin matrix of choice. 

6.3.1.8.3 
Summaryflrends 

Phenolic materials are important components in imaging devices that under­
go either chemical or physical transformation. The use of cresol novolaks or 
polyhydroxystyrene resins as photoresists has transformed the computer 
industry into a high growth vital national industry with global impact. Com­
puters have reduced greatly in size with a significant increase in memory capa­
city and speed. In achieving these computer features, resist line widths made 
by positive resists have continued to narrow in width and are accomplished by 
shorter wavelength UV. 

On exposure to actinic light, DNQ undergoes a Wolff rearrangement lead­
ing to an acidic material within the cresol novolak and extractable with a base 
developer resulting in a positive image. High o,o- linked cresol novolaks that 
are based on m-, p-cresol monomers are desirable resist materials with mon­
odisperse MWD. To achieve favorable copolymer composition cresol competi­
tive reactivities were determined along with positional reactivities. 

Random, alternating, ABA block copolymers and uncatalyzed resins are 
described along with resist performance. 

As shorter wavelength UV (below 250 nm or deep UV) is considered, cresol 
novolaks are opaque at these wavelengths, and PHS with some modification is 
a suitable resist Chemical amplification has been effective in using PHS mate­
rials in this wavelength region. Sub-0.20 jlm resist lines may require aliphatic 
resin systems. 
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6.3.2 
Phenolic Resins as Additives in the Rubber lndustry 

Phenolic resins are used in ruhher mixes to achieve special properties [ 1-8]. 
From 1994 to 1997, sales of phenolic resins for use in the ruhher industry were 
around 10,000-13,500 tonnes annually in Europe, excluding states of the 
former Soviet Union. Figure 6.181 shows that the demand rose steadily over 
the indicated period. This correlates with the production volume of automo­
biles, one of the major users of ruhher (tires). 

As shown in Table 6.103, the phenolic resins used in this application may be 
classified into three groups according to their function, type and effects: 

1. Vulcanization resins that specifically react with ruhher and act as a vul­
canization agent to crosslink it 

2. Tackifying resins that remain chemically unchanged, and during the pro­
duction process provide the ruhher mixes with the desired tack required 
for finishing 

3. Reinforcing resins that in combination with curing agents (mainly hexa­
methylene tetramine or sometimes hexamethoxymethylmelamine, cf. 
Fig. 6.182) only undergo self condensation (no reaction with the rubber) 

These additive resins are used together with a wide range of ruhher materials 
such as natural ruhher (NR), styrene-butadiene ruhher (SBR), acrylonitrile­
butadiene copolymers (NBR), polybutadiene (BR), polychloroprene ( CR), and 
ethylene-propylene-diene terpolymers (EPDM). The level of activity varies 

Fig. 6.181. Estimated con- t 
sumption of phenolic resins 
in the European rubber 15000 
industry ( excluding states of 
the former Soviet Union) 
in tonnes, 1994-1997 
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Table 6.1 03. Functions and effects of phenolic resins in rubber mixes 

Function 

1. Vulcanization 

2. Tackifying 

3. Reinforcement 

Type of resin 

Alkylphenol resole 

p-Alkylphenol novolak 
or 
p-alkylphenol acetylene adduct 

Phenolic novolak+hexa 

Effect 

Reaction with rubber 

Physical effect 

Curing of resin during 
vulcanization 

anno 



Fig. 6.182. Structural formula 
of hexamethoxymethylmela­
mine(HMMM) 
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with the type of ruhher or elastomer. The phenolic resins are incorporated 
using customary equipment such as roHer mills, masticators, and extruders. 
Solid (powder) resins with the lowest possible level of dust are used. 

6.3.2.1 
Vulcanization Resins 

Vulcanization causes the ruhher to undergo a transition from the plastic to the 
desired flexible state of an elastomer at the pertinent operating temperature. 
In this process, the individuallinear or branched macromolecules of the natu­
ral or synthetic ruhher materials are linked by chemical bonds, producing a 
large, loose molecular network. The term "vulcanization" originally only re­
ferred to crosslinking of natural ruhher with sulfur, a process discovered by 
Goodyear in 1839 (Fig. 6.183). 

In this case, three-dimensional crosslinking occurs by formation of sulfur 
bridges. Peroxides or other compounds may also be used for crosslinking. Even 
today, the use of sulfur (in combination with accelerators) is quite common. 

However, it is also possible to crosslink ruhher through the use of the 
methylol and (after cleavage) methylene ether groups of p-alkylphenol resoles 
(Fig. 6.184). 

Fig. 6.183. Vulcanization 
with sulfur at 120-160 oc 
(basic reaction) 
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Fig. 6.184. Structural formula of a p-alkylphenol resole 
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Vulcanization resins are mainly used with butyl ruhher (isoprene-isobu­
tene copolymers containing relatively little isoprene). This type of ruhher ex­
hibits relatively little unsaturation. The intrinsically good oxidation resistance 
ofbutyl ruhher and its relatively good heat resistance under mechanical stress 
are considerably enhanced by carbon-carbon band crosslinking using phenol­
ic resoles. It is desirable to crosslink not only butyl rubber, but also EPDM 
ruhher with vulcanization resins. Relatively high molecular weight alkylphe­
nol resins furthermore exhibit particularly good compatibility with ruhher 
materials [9, 10]. Since unmodified vulcanization with resins proceeds at a 
relatively slow rate, it must be accelerated for an optimum rate. Lewis acids or 
halogen donors, such as polychloroprene or chlorosulfonated polyethylene 
which provide a similar effect, are used as accelerators for the crosslinking 
reaction. Metal salts such as SnC12 • 2H20 aceeierate the reaction to a great 
extent, but cause undesirable severe corrosion. 

Resales based on p-iso-octylphenol and containing 7-12% methylol 
groups have been found to be especially useful as vulcanization resins. The 
hardness and modulus of elasticity of the vulcanized materials can be adjusted 
by variation of the fraction of methylol groups. 

Various theories exist as to how the vulcanization reaction with p-alkyl­
phenol resoles proceeds [ 10, 11]. The acceleration of the reaction by acids and 
the fact that methylene ether groups can also react after cleavage indicates that 
an ionic mechanism proceeding via carbonium ions occurs [12]. However, a 
crosslinking mechanism that proceeds by way of the quinone methide 
(Fig. 6.185) is also possible [13]. 

Vulcanization resins are used to produce heat, steam, and oxidation re­
sistant products. The heating tubes required in tire production represent typi­
cal examples of practical applications. The additive level of vulcanization resin 
is araund 8-12 ph (parts perhundred of rubber). 

Fig. 6.185. Mechanism of resin vulcanization, possible annelation [ 3) 
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6.3.2.2 
Tackifying Resins: Resins Used to lncrease the Tack of Rubber Mixes 

Rubber articles such as automobile tires consist of multiple layers of identical 
or dissimilar composition (including different types of rubber) that must 
adhere firmly to one another when the tire is manufactured. In automotive 
tires (Fig. 6.186), the tread, buffer, and sidewall must meet different types of 
requirements and thus generally exhibit different compositions. Rubber inner 
tubes and ruhher rollers represent other examples of applications in which 
ruhher mixes of various compositions are combined in a finishing operation. 
The individual layers making up such products should exhibit adequate 
contact tack when they are assembled. The synthetic rubbers SBR, NBR, and 
EPDM exhibit poor tack, particularly when highly modified with fillers. Such 
highly filled mixes render the use of tackifying resins necessary even in the 
case of natural ruhher [14-16] . 

The tackifying mechanism is considered to involve polymer flow processes 
producing tight contact of the two surfaces tobe joined and subsequent diffu­
sion of the polymers at the surface interfaces. Both mechanisms can affect the 
tack, which also depends on the test conditions, the surface roughness, and on 
other material-specific properties (Fig. 6.187). 

Fig. 6.186. Automobile tires 
(source: Rhein Chemie, 
Mannheim) 

Fig. 6.187. Tackifying 
mechanisms (from [3]) 

Process of 
Flow under 
Pressure 
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The contact tack is tested by various means in practice. The nature of the 
sample surface and the preparation of the test piece affect the result to a great 
extent. Since the direction of the applied separation force is also significant, 
three different test methods are possible: 

1. Separation force applied vertically 
2. Peel test 
3. Shear test where force is applied parallel to the contact surface 

The test methods can also differ according to whether they represent dynamic 
determinations involving a steady increase in the separation force, or static 
determinations in which the force is held constant. 

Optimal tack is generally achieved in practice, for example, in automotive tire 
production, by addition of around 2-6 parts by weight of tackifying resin. The 
tackifying resins must always exhibit good compatibility with the elastomers 
and other components of the mix, but not adversely affect the properties of the 
vulcanized material. No absolute result is obtained in testing of the tackifying 
effect or contact tack, since the efficacy is not necessarily resin-specific, but 
depends on many parameters. Tackifying resins may represent both natural and 
synthetic products such as rosin and cumarone, hydrocarbon, terpene-phenolic, 
and alkylphenol resins. Alkylphenol novolaks (Fig. 6.188) have also been found 
particularly appropriate for construction of rubber articles made up of multiple 
unvulcanized rubber mixes. Since the resin must be highly compatible with the 
rubber, alkylphenol novolaks based on p-iso-octylphenol are mainly used [1]. 

The customary addition levels are 2-4% (up to 6% in the case of EPDM). 
The molecular weights of the resins similarly exert an effect on the tack. The 
compatibility can be adjusted and the tackifying properties enhanced for speci­
al applications by using relatively Iong-ehain or even branched alkylphenols 
such as isononylphenol or dodecylphenol as the phenolic component, or by co­
condensation with short -chain alkylated phenols [ 17]. The viscosity of the mix 
is decreased, and thus the flow and diffusion at the interface improved by increas­
ing the compatibility [8]. The melting points of the alkylphenol novolaks, deter­
mined by the capillary method (ISO 3146), generally range between 80°C and 
100°C [18]. 

The patent literatme also describes the use of co-condensates of alkylphe­
nols with polynuclear phenols [19], trifunctional phenols [20], or compounds 
containing epoxy groups [ 21] as tackifying resins; in special cases, these afford 
more desirable properties than straight alkylphenol novolaks. 

Fig. 6.188. Structural formula 
of a p-alkylphenol novolak 
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6.3.2.3 
Reinforcing Resins: Phenolic Resins Used for Reinforcement of Rubber Mixes 

The term "reinforcement" denotes an increase in the hardness, tensile stress, 
modulus of elasticity, and viscoelastic properties. Active fillers are generally 
added to reinforce vulcanized materials, i. e., to increase their abrasion resis­
tance, elongation at break., and initial tear resistance. The crosslinking density 
or degree of vulcanization represents a further means of influencing the 
hardness and stiffness. Since these methods have limitations, the search for 
effective reinforcing materials commenced at a relatively early date. 

Phenolic resins are appropriate for this purpose, since they may be cross­
linked and exhibit both high hardness and good resistance to heat, oxidation, 
and solvents. These are properties that represent desirable improvements in 
elastomers and serve to broaden their range of application to the widest pos­
sible extent. Thus, it is not surprising that the first phenolic reinforcing resins 
were testedas early as the end of the 1940s, and that phenolic novolak.s cured 
with hexamethylene tetramine afforded good results. It is now known that the 
resins do not crosslink with the rubber, but self condense, yielding a resite net­
work that permeates the vulcanized rubber [22]. 

The desired properties (hardness, tensile stress, modulus of elasticity) may 
thus be enhanced not only with active fillers such as carbon black, but also to a 
great extent using reinforcing resins [ 23 - 26]. In some areas the hexamethylene 
tetramine, otherwise commonly used as a crosslinking agent for the novolak.s, 
was displaced by hexamethoxymethylmelamine and similar appropriate mela­
mine resins for technical and industrial hygienic reasons at the end of the 1980s. 

Reinforcing resins can be used in practically all types of rubber. Initial 
studies on resin reinforeerneut [3] were carried out using cashew nutshell oil­
modified novolaks and nitrile rubber. When these were extended to unmodi­
fied phenolic novolak.s, it was found that the compatibility of such resins with 
the relatively polar NBR is comparatively low. Further extensive tests [ 22] then 
demonstrated that the hexa level exerts a significant effect. It was found that 
the reinforcing resins (unmodified phenolic novolaks), even after curing, 
afford tensile strength and hardness results in the vulcanized materials that 
rise together with the hexa addition level and reach an optimum at a certain 
limit (around 8-9%). The results then fall again as the hexa addition level is 
further increased. In contrast to the situation in polar rubber such as NBR, no 
relationship of the properties to a rise in the hexa addition level is generally 
apparent in nonpolar rubber. 

Phenolic reinforcing resins are used alone or in combination with fulers. At 
an addition level of 15- 30 phr (parts perhundred of rubber ), the resin system 
affords increased abrasion and initial tear resistance, reduced residual com­
pressive set, improved heat resistance under static and dynamic load, and 
good solvent and oil resistance. Examples of applications include tire beads, 
shoe soles, conveyer belts (Fig. 6.189 ), drive belts, hoses, rollers, and gaskets. 

Tests were also carried out to determine whether the effects on the prop­
erties of the rubber mix produced by the reinforcing resin, carbon black, and 
by combinations of the two exhibit interactions, and if so to what extent [ 23]. 
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Fig. 6.189. Rubberconveyer 
belt in an underground mine 

The results showed marked maxima in the Ievels of the parameters, and thus 
a certain degree of synergism, when 10-20 PBW (parts hy weight) of the car­
hon hlack was replaced hy reinforcing resin. The hardness of the vulcanized 
materials could he increased hy up to 10 Share A units when 20 PBW carhon 
hlack was replaced hy reinforcing resins at high flller Ievels. However, this posi­
tive effect was contrasted hy adverse changes in properties such as a rise in the 
residual compressive set at 100 oc and increased permanent deformation fol­
lowing dynamic stress. The practical value of such synergetic effects must 
therefore he estahlished in each specific case. 

Further testing involved comhinations of polar and nonpolar ruhher. At a 
constant Ievel of reinforcing resin (phenolic novolak plus hexa) it was found 
that the hardness of NBR-natural ruhher mixes relative to that of straight 
natural ruhher underwent a marked increase even at relatively low NBR ruh­
her addition Ievels. Similar results were ohserved using SBR ruhher, or when 
resorcinol was used instead of a phenolic [27] . 

A special instance of reinforcing resin use is to improve the adhesion to 
cord. In this case, the ohjective is to achieve good adhesion of a ruhher mix to 
Ioadhearing inserts such as steel or textile cord. The casing of an autornative 
tire is designed to contain the compressed air and ahsorh the forces that arise 
during use. It contains woven inserts made of cotton/polyamide, polyester, and 
possihly steel cord. The first resorcinol/hexa reinforcing resin systems were 
used tagether with active silica as a filler to achieve particularly good adhesi­
on to such inserts [ 28] . Further development led to the use of resorcinol novo­
laks that affered more desirahle processing properties (reduced smoking) in 
the ruhher mix. However, the hexa can Iead to corrosion of steel cord. For this 
reason, there has heen a transition to the use of melamine resins, particularly 
hexamethoxymethylmelamine, as crosslinking agents [ 29]. The ahove refers to 
the formulation of the ruhher mix; in addition, various resorcinol resin-con­
taining latices continue to he used for pretreatment of the textile cord. Ahout 
4-8o/o impregnating agent (solids) is required, and the resin fraction in the 
Iatex is 15-20% (hased on solids). After impregnation, the cord is heated to 
120- 180 oc for a period of 1- 10-min. The Iatex produces a good hond to the 
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rubber, and the resorcinol resin represents a particularly effective adhesion 
promoter. The cord is treated in dips. 

6.3.3 
Binders for the Adhesives lndustry 

Phenolic resins are not typical adhesives resins, aside from the fact that they are 
used in large quantities in the woodworking industry as resorcinol resin-based 
"glues" in glulam construction, and as "wood adhesives" for manufacture of 
chipboard, fiberboard and plywood sheets. The terms "binder" and "glue" or 
even "adhesive" overlap in such cases (see Wood Composites, Sect. 6.1.1). 

However, straight phenolic resins, and to an even greater extent alkylphe­
nol resins, are used as the main components or as additives in adhesives for a 
number of special applications [1-6]. Table 6.104 surveys the uses of phenolic 

Table 6.1 04. Examples for use of phenolic resins in various adhesives mixes 

Adhesives and Phenolic resins Applications, properties 
similar products (possible, types) 

1. Polychloroprene Alkylphenol resoles, solid Adhesives for areas such as the 
basis and in solution shoe, automotive, furniture and 

building industries; good heat 
resistance 

2.NBR basis Cresol, xylenol, phenolic NBR adhesives with NIBR: resin 
resoles, novolak!hexa powder ratios of 2: 1 to 1.2; high 
resins plasticizer and oil resistance 

3.PUbasis Modified phenolic novolak Compatible with PU ruhher to 
increase heat resistance 

4. Rubber-metal- Phenolic resoles, phenolic In combination with elastomers 
bonding novolaks, modified novolak/ to manufacture adhesion primers 

hexaresins for rubber-metal bonding (vul-
canization) 

5. Friction lining Modified phenolic resoles Bonding of friction linings to 
adhesives metal 

6. Metal adhesives Novolak/hexa powder resins Plastisol and butyl rubber-based 
metal adhesives 

7. Cladding adhesives Straight and modified Heat-curing cladding adhesives, 
phenolic resoles, for example ones based on 

acrylate or PVA emulsions 

8. Rubber bonding Alkylphenol resoles Natural rubber-based bonding 
adhesives adhesives with enhanced cohesion 

9. Hot melt adhesives Alkylphenol novolaks Tackifying resins ( as additives) for 
EVA and PA hot melt adhesives 

lO.Gaskets Phenolic resoles Paper/cardboard-based gaskets; 
precipitation of resin with acid 

11. Sealants Xylenol novolaks and Adhesion promoters in NBR and 
phenolic resoles Thiokol-based sealants 
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resins in the field of adhesives. The present consumption of phenolic resins in 
the European adhesives industry, excluding states of the form er Soviet Union, 
is estimated at araund 4300-4800 tonnes, ab out 75% of this total being used 
in polychloroprene adhesives. 

6.3.3.1 
Polychloroprene-Based Adhesives 

Contact adhesives based on polychloroprene [7 -10] include alkylphenol re­
soles (Fig. 6.190) as important additives (Table 6.105).Alkylphenol resoles, for 
example, those based on t-butylphenol, exhibit very good solvent compatibili­
ty. The tackifying effect of the resins arises through interactions with the 
elastomers. Alkylphenol resins improve the adhesion, cohesion, and particu­
larly the thermal stability of the contact adhesives, which are applied in the 
customary manner (application, air dry, pressing). After this procedure, the 
material band already exhibits very high initial strength, and this continues to 
increase. Polychloroprene adhesives are mainly used in the shoe, furniture, 
and autornative industries, as well as in the "do-it-yourself" area. 

The types of polychloroprene employed for adhesives crystallize quite well, 
affording a large increase in strength. Addition of resin retards crystallization 
and lengthens the period ("open time") during which contact bonding occurs. 
This crystallization is a reversible process, i.e., the adhesive can be reactivated 

Fig. 6.190. Alkylphenol resole 
(basic structure) 

R' 

R =Alkyl 
R' = H or CH20H 
m, n = 1 - ca. 10 

Table 6.105. Suggested formulation for polychloroprene contact adhesive 

Solvents 

Parts by weight 

100 
40 
5 
4 
2 

150 
150 
150 

1 

Raw material 

Polychloroprene 
Alkylphenol resole ( e. g., Rütaphen KA 777) 
Magnesium oxide 
Zinc oxide 
Antioxidant 

Ethyl acetate 
Toluene 
Methyl ethyl ketone (MEK) 
Water 

R' 



Fig. 6.191. Formation of a 
magnesium chelate with an 
alkylphenol resole 
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R =Alkyl 

R'=H 

by application of heat. This property is utilized in the shoe industry by apply­
ing the adhesive on a single side ("one-way process"), storing the substrate 
temporarily after air drying the adhesive, later reactivating the adhesive by 
application ofheat, and finally bonding the substrate (for example a shoe sole) 
to another by application of pressure. 

The added resin provides the bond with very high internal strength that 
increases as the molecular mass of the resin increases, although care must 
always be taken to ensure that the resin remains compatible with the elastomer. 

The high cohesion and thermal stability arise through formation of a che­
late between the alkylphenol resoles and the magnesium oxide included in the 
formulation (Fig. 6.191). The chelate complexes exhibithigh melting points, 
but good solubility. Chelate formation proceeds through the methylol and 
dimethylene ether groups of the "base-reactive" resin [11-16]. Chelate forma­
tion in the formulation is complete after two to three days. It is also possible to 
prepare the adhesive by adding magnesium oxide to the straight resin solu­
tion, and after a maturing period of about 24 h to add the chloroprene solu­
tion. This method is somewhat more involved, but permits better utilization of 
the resin's base reactivity, which is critical for the level ofthermal stability. The 
opentime of the adhesive can be increased as required by addition of tacki­
fying resins such as terpene phenolics (5-20% based on alkylphenol resole), 
although this generally reduces the thermal stability. 

The reaction with the alkylphenol resin, for example, t-butyl phenol resole, 
is affected to a great extent by the content of metallic oxide, the time, tempe­
rature, the type of solvent, and the water level. The required level of magnesi­
um oxide is around 10% based on resin. This value is generally recommended 
as a minimum level for polychloroprene adhesives. Chelation proceeds most 
rapidly in solvents of low polarity such as toluene, hexane/ethyl acetate, and 
acetone. Polar solvents can retard the reaction. In polar solvents, or mixtures 
of these with nonpolar solvents, the reaction may be accelerated by addition of 
water. The water level of the resins used in such applications is generally around 
0.2-0.3%. This is sufficient for acceleration of the pre-reaction. Metallic 
oxides other than the magnesium oxide generally used- for example, calcium 
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and barium oxide - can also form chelate complexes exhibiting high melting 
points ( decomposition at 250 °C), but formulations containing high er levels of 
these are unstable [8, 9]. The grade of magnesium oxide also influences the 
quality of the adhesive. 

Phaseseparation in polychloroprene adhesives, i. e., precipitation of metal­
lic oxide particles, can be influenced by the choice of resin [ 8, 13]. The mean 
molecular mass of the alkylphenol resoles should be around 1200-2000 to 
ensure phase stability of the adhesive. Commercial alkylphenol resoles recom­
mended for use in manufacture of polychloroprene adhesives can differ in 
their opentime and in the level ofthermal stability that may be achieved with 
them. In general, it may be noted that although resoles with low melting points 
(approximately 50-60 oq offer a long open time, they also exhibit low thermal 
stability. Resins with high melting points ( approximately 80-90 oq generally 
feature a short opentime in adhesives formulations and high thermal stabili­
ty of the adhesive bond. p-Phenylphenolic resoles provide extremely high 
thermal stability, but are very high in cost. 

In addition to magnesium oxide, zinc oxide is used as a filler. Zinc oxide 
exhibits no tendency to form chelates, but serves to absorb the hydrogen chlo­
ride that is eliminated from the chloroprene over the course of time. Highly 
filled adhesives such as those for floor coverings contain magnesium or zinc 
carbonate, silica, quartz sand, or barytes. The antioxidant present in the for­
mulation is designed to protect the adhesive bond against the embrittlement 
or softening induced by aging or simply due to oxidation-sensitive resins. 
Non-discoloring phenolic antioxidants [17] have been found particularly 
appropriate. Alkylphenol resins exert no adverse effect on the aging characte­
ristics. The technical adhesive properties that can be achieved also depend on 
the type of polychloroprene. In combination with resins such as base-reactive 
alkylphenols, moderately highly crystalline grades of polychloroprene exhibit 
a lower loss of cohesive strength when crystallinity is disrupted than do high­
ly crystalline grades [9]. 

Mixtures of toluene/methyl ethyl ketone/ethyl acetate and 80/100 mineral 
spirit are best used as a solvent. Variation of the mixing ratios permits the open 
time and viscosity to be adjusted within certain limits. The aliphatic hydro­
carbons serve as an inexpensive diluent. 

Base-reactive alkylphenol resoles may also be used as additives in polychlo­
roprene/polyisocyanate-based two-component adhesives. An additional reac­
tion of the phenolic hydroxyl group with the isocyanate takes place in such 
adhesives. In this case, crosslinking Ieads to an increase in the thermal stability, 
since the isocyanate reacts with the hydroxyl groups in both the ruhher and the 
resin. The recommended weight ratio of isocyanate to resin to ruhher is around 
8:25:100, although this decreases the bench life very considerably [7, 8, 14, 15]. 

6.3.3.2 
Nitrile Rubber Adhesives 

The design of nitrile ruhher adhesives is similar to that of polychloroprene 
materials (Table 6.106). In contrast to polychloroprene-based products, nitrile 
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Table 6.1 06. Suggested formulation for (heat curing) NBR adhesives 

Solvents 

Plasticizer 

Parts hy weight 

100 

50-150 

0-100 

300 
100 

0-20 

Raw material 

Nitrile ruhher 

Phenolic resin (e.g., Rütaphen 9289 KP cresol 
resole) 

Filierstpigments (graphite, iron oxide, calcium 
silicate, zinc oxide, titanium dioxide) 

Ethyl acetate 
Acetone or MEK 

Dioctyl or dihutyl phthalate (DOP or DBP) 

ruhher adhesives - which feature high plasticizer and oil resistance - are heat 
reactive. Depending on the required flexihility, the ratio of ruhher to resin is 
generally 1 :2-2: 1. Heat-reactive, crosslinking cresol resoles or novolak/hexa 
systems are used as additive resins. Bonding is performed under heat and 
pressure following solvent removaL Solvent-free NBR adhesives are produced 
on masticators or roHer mills. The cohesion, adhesion, and resistance to heat, 
oil, and solvents are increased hy the added phenolic resins. Applications 
include PVC honding and production of autornative seals. 

Grades of ruhher incorporating high levels of acrylonitrile are hest for pro­
duction of NBR adhesives. The phenolic resins that are employed represent 
resoles hased on phenol, cresol, xylenol, or their co-condensates. Novolaks in 
comhination with hexa are also customarily used as curing agents. Fillers only 
exhihit reinforcing properties. Plasticizers such as dihutyl or dioctyl phthalate 
can he added to enhance the flexihility. Processing is generally carried out at 
temperatures of up to 1 SO oc [ 18-20]. 

6.3.3.3 
Polyurethane-Based Contact Adhesives 

Solvent-containing, polyurethane-hased contact adhesives can also he modi­
fied with phenolic resins (Tahle 6.107) to increase the opentime and the ini­
tial, final, and hot strength levels [ 21]. Phenolic novolaks exhihiting a relative-

Table 6.107. Suggested (test) formulation for a polyurethane contact adhesive [21] including 
alkylphenol novolaks as additives (peel strength after 24 h on shoe sole ruhher or plasticized 
PVC 1.2-1.3 N/mm2 at amhient temperature) 

Parts hy weight 

100 
20 

340 
130 
120 

Raw Material 

Dermacoll 530 elastomer 
Alkylphenol novolak ( e. g. Supraplast® D 2057 W or Rütaphen 7162 KA) 
Acetone 
MEK 
Toluene 
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Fig. 6.192. Adhesion test of a 
shoe sole bonded with an 
alkylphenol resin containing 
polychloroprene adhesive 

ly high melting range (90-110 °C) are generally used. Depending on the appli­
cation, the rate of addition is 10- 30% phenolic resin based on polyurethane. 
Fields of application include the shoe industry (Fig. 6.192), furniture industry, 
autornative construction (interior panels), and cladding of aluminum sheet, 
chipboard, and fiberboard with a wide variety of plastic films. 

These adhesives are based on special grades of polyurethane elastomers 
that are used in the form of solutions. A crystallization process similar to that 
in polychloroprene adhesives, during which the cohesive forces responsible for 
the strength develop, is initiated in the drying operation. In this case as well, 
the rapid crystallization renders the open time excessively short. Alkylphenol 
novolaks are added in order to slow crystallization of the polyurethane and 
increase the open time of the adhesive. Depending on the elastomers and the 
type and level of added resin, the properties of the contact adhesive may be 
varied within certain limits, even when polyurethane exhibiting a strong ten­
dency to crystallize is used. The adhesive band normally only achieves its final 
strength after a period of several days, although the initial peel strength is 
generally sufficient to permit handling of the bonded parts. 

These contact adhesives may also be used in the "one-way" process (single­
side application with possible interim storage) described in the case of the 
polychloroprene adhesives. The phenolic resin decreases the activation tem­
perature, for example, in the case of sole material for the shoe industry, by 
15-20 oc compared to that of the unmodified adhesive. 

To increase the thermal resistance, polyisocyanate crosslinking agents may 
also be incorporated into the adhesives batch. In this case, the phenolic resins 
are also cured via their hydroxyl groups. 

6.3.3.4 
Rubber/Metal Bonding 

Bonding of metal to ruhher is of great importance in various applications [ 4, 
21]. In cantrast to the situation in adhesive bonding, rubber/metal bonding 
involves vulcanization of an unvulcanized ruhher mix onto a metallic sub-



Fig. 6.193. Engine suspen­
sion (example of 
rubber/meta! bonding) 
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strate that has heen pretreated with a honding agent. This permits considera­
hly high er adhesive strength levels to he achieved [ 22]. The honding agents are 
vulcanizahle formulations generally hased on chloroprene ruhher, to which 
novolak/hexa-type phenolic resins or resoles containing reactive methylol 
groups are added. It is also common to incorporate epoxy resins. 

Typical examples of ruhher/metal honding are found in ruhher springs, 
hearings, engine suspensions (Fig. 6.193), shock ahsorhers, tread padding for 
tracked vehicles, linings for pipes, pumps and fittings, engine supports, sealing 
components, and hridge supports. 

A two-coat system including a primer is used when an extreme range of 
requirements must be met (Fig. 6.194B), for example, when resistance to bot 

Fig. 6.194. Rubber/metal bond­
ing scheme in [21] 
(A = without primer, B = with 
primer) 
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l .. ... .. .. .. .. .. '\ ................................ ... .. ~ .. ' .. ' ' ' .. ... .. ... .. .. .. 
<·,'<·,'<·rubi>er:·:·>.'·.'·.' ' .. ... ...................... .. .. ' ...... ' ...... ' ' ....... .. .. ' .. ' ' .. ... ' ' ........ ... .. ... 
... ... ' .. ' ..... ' ' .... ' .... .. ' ............ ' ' ' .. '' ' .. ' ' .......... ' ' ' '' '' \' .. ' .. '' '' '' .. ' .. ' .. ' 

bonding 

A bonding f----1 8 
primer 



412 6 Economic Significance, Survey of Applications, and Six Bonding Functions 

water is necessary. Phenolic resoles or comhinations of these with novolaks 
represent an important component of these adhesion primers, which also 
include elastomers (nitrile-hutadiene or polychloroprene ruhher) as film­
forming agents. 

The resins are also crosslinked when the elastomers are vulcanized. As a 
result, the reactivity of the resins must he matched to the vulcanization pro­
cess. Diffusion processes at the interfaces are of particular significance for 
development of a good hond, i.e., layers are formed in which components of 
the elastomer and the thermosetting hinder crosslink with each other. 

The process as such may he descrihed in the following manner: 

1. The metallic surface is phosphated or roughened 
2. A honding agent, and if appropriate a primeras well, is applied hy hrushing, 

spraying, roHer coating, or hlade spreading; the solvent is evaporated at 
amhient temperature or at 60-80°C until the coating is tack-free 

3. The ruhher mix to he vulcanized is applied hy pressing or transfer molding 
process. Vulcanization takes place at 130-200 °C, depending on the quanti­
ty and grade of the ruhher 

With regard to the properties of the finished articles, it is presumed that in 
case of optimal adhesion, the elastomeric material fractures under tensile 
stress, and that this fracture does not take place in the honded surface. This 
circumstance is termed "100% ruhher fracture:' 

6.3.3.5 
Friction Lining Adhesives 

Although bonding of friction linings to metal backings was previously accom­
plished using rivets, a significant portion is presently adhesive honded. Phe­
nolic resins modified with vinyl polymers to enhance the adhesion are used 
for this purpose. 

Bonding of friction linings to the metallic hacking material - adhesive 
honding of a thermoset molding to metal - offers significant advantages over 
attachment hy riveting [21] for the following reasons: I) the thickness of the 
lining can he utilized to a greater extent since no rivets interfere; 2) the lack of 
rivet holes increases the active hraking surface; and 3) thinner linings can he 
used for clutches. Current ashestos-free linings are particularly suited for 
adhesive honding; their strength is further stahilized hy the honding process, 
and the simplified assemhly and Iongerservice life of the linings reduces costs. 

However, the advantages mentioned ahove presuppose that the adhesive 
honds remain hoth completely reliahle throughout the entire service life of the 
linings and thermally stahle even under varying stresses in autornative opera­
tion, and that the adhesives can he processed hy highly efficient, uncomplica­
ted methods. Phenolic resoles modified with products such as vinyl polymers 
to eliminate the hrittleness of the adhesive film and enhance adhesion to the 
materials heing honded are hest used as friction lining adhesives. Such ad­
hesives are generally supplied in the form of solutions. The composition of the 
adhesives can vary when they are adapted for use with specific grades of 
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linings and types of process operations in the bonding shop. Thus, the visco­
sity of the adhesives solution is adjusted for the pertinent method of applica­
tion and the characteristics of the linings. 

Adhesive films based on phenolic resoles, polyvinyl formal or butyral and 
nitrile rubber are also used, in some cases reinforced with weblike carrier 
materials based on glass, synthetic, or linen fibers. Such phenolic resole and 
vinyl polymer-based adhesives are also used in applications such as produc­
tion of lightweight structures in aircraft construction, large-scale construc­
tion elements made of composites, for cladding work, and production of 
honeycomb structures [23] (see High Performance and Advanced Compo­
sites, Sect. 6.1.5). 

Process stages are recommended when bonding linings for drum brakes: 

1. The substrate surfaces are prepared for bonding by sandblasting or grind­
ing. The lining material is available in the production area, and is in a con­
dition appropriate for bonding (surfaces roughened). 

2. In series production, the adhesive is applied by rollers or extruders. Clutch 
sections are also coated by screen printing. The thickness of the coating 
ranges from 70 I-LID to 200 I-LID, and depends on the type of adhesive and 
grade oflining. It is useful to coat both bonding surfaces (lining and metal). 

3. If adhesive films are not used, the solvent in the layers of adhesive must be 
removed as completely as possible. This occurs during storage at ambient 
temperature or is accomplished by drying at 50- 70 oc in a chamber or tun­
nel oven. The parts can then be bonded immediately, or after a lengthy peri­
od of storage. 

4. The linings and brake shoes are pressed together using special clamping 
jigs, and the adhesive cured at maximum temperatures of 180-220°C in a 
chamber or continuous throughput oven. The holding time in the oven 
depends on the reactivity of the adhesive and the required peak tempera­
ture. It is generally adequate if a maximum temperature of 180-220 oc is 
used in the contact layer and persists over a period of 5- 10 min. 

Disk brake linings are bonded to the pads in a manner similar to those 
employed in the process used to bond drum brake linings. 

In practice, the adhesive bond is subjected to various tests to assure a lining 
assembly quality adequate for automotive use. For example, it is customary to 
shear off the lining or apply forcetoseparate it from the backing in special test 
equipment, measuring the force required to accomplish this. Both the failure 
appearance and the measured strength levels are of significance. Aside from 
cold shearing trials, tests of the adhesion strength at elevated temperatures, for 
example 250- 300 °C, are of partiewar significance for assessment of adhesive 
bonds in automotive operation. In this case, it is possible to heat the parts to 
the pertinent test temperature, and then to shear off the lining while hot or 
after cooling. Thermal shock tests, in which the test article undergo es multiple 
heating and cooling cycles, represent particularly stringent trials [21]. 
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6.3.3.6 
Other Applications of Phenolic Resins in Adhesives Formulations and Sealants 

6.3.3.6.1 
Meta/ Bonding 

In vehicle construction (automobiles, rail vehicles), structural materials are 
bonded with adhesives based on plastisols and butyl ruhher (including reac­
tive grades), for example, in elastic bonding of sheet meta! parts with profiles. 
Since the adhesives in this case function to some degree as sealants, they can 
also be classified as such. A novolak/hexa powder resin with a hexa Ievel below 
7- 8% is added at a rate of 3- 5% to increase the adhesive strength. Typical 
applications for such adhesives include their use in bonding sheet meta! struc­
tures for hoods, roofs, and doors. 

6.3.3.6.2 
Cladding Adhesives 

Phenolic resin impregnated rigid paper ( cf. chapter on electricallaminates) is 
a base material for production of copper-clad boards for printed circuits and 
decorative Iaminates with metal surfaces. In decorative sheets, untreated or 
anodized aluminum foils are also used in addition to copper foils. The bond 
between the rigid paper and meta! foil can also be produced using vinyl (for 
example, polyvinyl butyral) modified phenolic resoles. The condition of the 
foil surface is critical for proper bonding between the metal foil and the ad­
hesive. 

Whereas commercial copper foils exhibit a surface with good adhesion and 
suitable for bonding by treatment of one side, other meta! foils must be sub­
jected to a mechanical or chemical treatment. 

Such treatment includes degreasing as weil as mechanical or chemical 
roughening of the surface. The foils are coated by uniformly applying solu­
tions of the modified phenolic resoles. The drying process is controlled to 
ensure that the adhesive is evenly distributed over the foil and no bubbles 
develop on the surface. A prerequisite for the required solder bath resistance 
of a copper foil employed for cladding a basematerial used for printed circuits 
is a volatile component Ievel below 0.5 wt%. The coated foils are bonded to 
the backing material under pressure in stage presses at 140- 160 oc to yield 
a composite sheet. Heat curing cladding adhesives based on acrylate or 
PVAc emulsions may also be modified with phenolic resoles such as Rüta­
phen 6245 KP. 

6.3.3.6.3 
Natural Rubber-Based Bonding Adhesives 

Bonding adhesives are permanently tacky materials that are applied to 
backings such as paper, fabric, or foils, and bond to the surfaces of many mate­
rials even under slight pressure. The adhesive mix, which is applied in the form 
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of a solution, emulsion, or melt, consists largely of natural ruhher materials, 
resins, fillers, and plasticizers. Bonding adhesives resist short-term stress well, 
buttend to "creep" under permanent stress, particularly at elevated tempera­
tures. Forthis reason, adhesive mixes containing natural ruhher are modified 
with alkylphenol resoles to increase their cohesion, especially at elevated tem­
peratures. In this case, vulcanization of the ruhher takes place at elevated tem­
peratures. Applications include adhesive tape for use in painting automobiles. 
NBR rubber-based adhesive tapes can similarly be modified with phenolic 
resins. 

6.3.3.6.4 
HotMelts 

Ethylene/vinyl acetate and polyamide polymers are used as base materials for 
hot melts used in the paper packaging industry, furniture industry (bonding 
of edge and surface foils ), and in assembly bonding ( electronics, automobiles, 
commercial vehicles, and aircraft), with hydrocarbon resins generally being 
used as tackifiers. Fairly long-chain alkylphenol novolaks such as Ruta­
phen 9485 KA are used to achieve certain properties and improve adhesion. 

These products are manufactured by melting the components together in 
heated equipment (stirring vessels, masticators, or extruders) and then 
discharging the mix in the form of pastils, granulate, blocks, or rods. 

6.3.3.6.5 
Gaskets 

Slurries of fibrous materials such as cellulose, minerals, fiberglass, or Aramid 
with binders such as latex combined with fillers in water may be used to pro­
duce gaskets. The material is deposited on a screen belt or circular screen by 
means of a vacuum. It is dried at around 180-200°C. Phenolic resoles maybe 
included as additives to increase the thermal stability. Applications for such 
gaskets are in the chemical and automotive industries, and in mechanical 
engineering. Such gaskets may also be manufactured from special types of 
paper impregnated with alcoholic solutions of phenolic resoles ( cf. sections on 
impregnation, Sect. 6.1.4.9 and 6.1.5.6.1, p. 254 pp and 265 pp). 

6.3.3.6.6 
Sealants 

Compounds that remain plastic or elastic are termed sealants. Sealants de­
signed to fill expansion and connecting joints are composed of fillers, bind­
ers, and special additives. Thiokol or NBR sealants contain about 1-8 o/o phe­
nolic resin based on the hinder fraction as an adhesion promoter. Materials 
including xylenol novolaks, for example, Rütaphen 0782 KP, are used as ad­
hesion promoters in NBR-based sealants. Specially modified phenolic resoles 
such as Rütaphen 0784 KP are particularly suitable for use in Thiokol sealants. 
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6.4 
Intermediate and Carbon-Forming Bonding 

Intermediate bonding generally relates to the production of moldings that are 
to be transformed into another dass of product, for example, by thermal treat­
ment, where the dimensions of the product correspond to those of the origi­
nal. A particularly good example is production of"glassy carbon" (Sect. 6.4.4) 
crucibles (Fig. 6.195). Thus, "green" (uncured) crucibles are produced from fil­
ler-free phenolic resins, fully cured, and subjected to a lengthy pyrolysis pro­
cess that finally Ieads to glassy carbon crucibles exhibiting outstanding che­
mical resistance. As expected, elimination of pyrolysates causes shrinkage of 
the crucible, with its volume reducing by ab out 50%. However, the original, de­
sired geometric ratios of diameter to footprint, height to footprint, and height 
to diameter must and are retained in this process. 

In their function as an intermediate bin der, phenolic resins are similarly of 
considerable importance in production of refractories such as magnesia or 
dolomite bricks. The green bricks are initially only cured, and are later car­
bonized ( the hinder "cracked") by separate pyrolysis or use in a steel mill, a 
process that again can Iead to changes in the volume and density. Ideally, 
the dimensional relationships of length to width to height should also remain 
constant in this case. In principle, the same applies to production of green 
grinding wheels by cold compression molding (see Abrasives Sect. 6.2.2). The 
uncured resin or mixture of liquid and powder resin provide the cold pressed 
green wheel with intermediate dimensions that ensure the required dimen­
sional relationships in the final product even subsequent to the cleavage reac­
tions that proceed during the curing process. 

Due to their crosslinked structure with a nominal carbon content of around 
80%, phenolic resins are capable of facile carbonization in the cured state, i. e., 
they exhibitafurther bonding function that can be transformed into a carbon 
bondunder certain physical conditions. This capability is utilized in applica­
tions such as production of graphite materials and refractories. Resin systems 
that afford a high carbon yield and simultaneously exhibit good mixing 
properties (in cold and warm mixing processes) and excellent compatibility 
with fillers and graphite are generally best suited for such uses. 

Section 6.4.1 will deal with the pyrolysis of phenolic resins, since this pro­
cess - involving factors including the carbon yield, oxygen resistance of the 

Fig. 6.195. Production of 
glassy carbon crucibles 
(original molding and pyro­
lyzed final product of glassy 
carbon) 
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polymerk carbon, and evolution of volatile decomposition products - is of 
great prominence in production of the carbon-containing products mainly 
considered in the pertinent chapter. The significance of carbon formation in 
determining the quality of phenolic resin-bonded brake linings is also quite 
vital, since the binders pyrolyze at the point the lining and the brake disk or 
drum come into contact during the braking operation. Carbon and pyrolysis 
gasesalso develop when phenolic-bonded faundry molding materials are pour­
ed off, and exert special effects on the casting operation and casting quality. 

6.4.1 
Pyrolysis of Phenolics 

Cleavage by-products and (where appropriate) solvents are liberated when 
phenolics are cured at temperatures to 200 °C. Optimal three-dimensional 
crosslinking of the resins to yield a resite is important to provide a favorable 
starting site for carbon formation during pyrolysis. 

Theoretical considerations of resite segments and knowledge from detailed 
pyrolysis studies [1-6] show that a theoretical residual carbon yield of 
55- 70% may be expected in pyrolysis, based on an 80% carbon level in an ide­
al resite segment. The variables that are involved are the crosslinking density, 
the size of the molecules after curing, foreign inclusions (trace elements), and 
the number of carbon-containing compounds that are eliminated. For struc­
tural reasons, the carbon yields in other types of thermosetting resins are 
lower (Table 6.108). 

Various ranges can be established in a simplified consideration of resite 
pyrolysis (Fig. 6.196). Curve 1 in Fig. 6.196 represents degradation of the resite 
and creation of the carbon structure by tracing the development of density 
and strength [7, 8] while curve 2 describes the emissions. The density and 
strength levels (Fig. 6.197) are reduced as the temperature rises to about 
600 °C, then increase as the temperature continues to rise to about 800 °C, 
leading to formation of "polymeric carbon" at the end of the ring forming 
reactions. 

The structure passes through two phases in the transition from point A to 
point C in Fig. 6.196. A phase of falling density, in which the volume initially 
remains constant, is located between points A and B; an increase in the densi­
ty and strength with a simultaneaus reduction in the volume occurs between 
points B and C, and only degassing phenomena, that have little or no effect on 

Table 6.1 08. Carbon content 
and theoretical carbon yield 

PF 
FF 
EP 
UP 

Carbon Content (%) 
( theoretical) 

<80 
<75 
<75 
<60 

Carbon-yield (%) 
(possible level) 

55-70 
50-60 
25-35 
15-25 
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Fig. 6.196. Simplified pyrolysis 
scheme, density and strength 
(1 ), emissions (2) 

Fig. 6.197. Bending strength 
vs temperature, determined 
by thermal treatment of 
phenolic resin films at tem-
peratures of approximately 
300-900 oc (from [7)) 
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the density and strength levels, can still be observed at temperatures of 800 oc 
and above. Reasonable estimation of the applicability of methods used to 
determine the carbonization residue requires comparison of the methodolo­
gy and the pyrolysis process. On the basis of such considerations, pyrolysis 
may best be evaluated using thermogravimetric analysis at temperatures to 
1000 °C. Complete incineration is subsequently carried out to determine the 
true carbon content of the carbonization residue. 

Using special test equipment (Fig. 6.198), various resin systems (after being 
cured at temperatures to 200 oq can be evaluated for their possible carbon 
yields [9] under an argon atmosphere at temperatures to 1000 °C. It has also 
been found that pertinent information regarding the oxygen sensitivity of a 
resin system can be determined when parallel tests are conducted under an 
atmosphere containing 1.5% added oxygen. Differences in the methane, 
hydrogen, water, and carbon monoxide levels together with major differences 
in the carbon yields have been observed. Aromatic, high molecular mass 
cleavage products are conveyed to a separate testing system, and the structures 
of the pyrolysis residues visualized with scanning electron microscopy. 
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Fig. 6.198. INASMET test system for measuring C-yield of phenolic resin systems under inert 

and oxygen containing conditions (source: Bakelite AG, Iserlohn, Germany) 

Such tests have shown that the effect of the heating rate - whether heating 
is carried out over 22, 29, or 37 h - is relatively minor. The sample size has a 
greater effect. The carbon yield can increase by up to a third for larger sample 
sizes. This indicates that the greater volume leads to a higher level of carbo­
nization of the outwardly diffusing organic components. When the test is con­
ducted in an atmosphere containing 1.5% oxygen, this phenomenon disap­
pears partially or completely, since in this case a certain amount of combus­
tion dominates. To some extent, the knowledge gained in such tests can be 
extrapolated to end use applications. 

Hexamethylene tetramine is generally used to "harden" phenolic novolaks. 
In general, carbon residue or "polymeric carbon" is similarly obtained when 
hexa (HMTA) free novolak systems are pyrolyzed. Special tests [10] have 
demonstrated that the pyrolysis residues of HMTA-free systems are highly 
dependent on the mean molecular mass of the pertinent novolak (Fig. 6.199). 
The carbon yield is only around 20% at a low molecular mass such as 400, 
whereas carbon yields of ab out 50% are achieved when the molecular mass 
increases to around 1000. 

Fig. 6.199. Carbon yields C- yield [%] 

from HMTA-free phenolic 
novolaks vs molecular mass 50 

40 

30 

20 

10 

300 400 500 600 700 800 900 Molar 
mass 
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Fig. 6.200. Carbon yields in pyrolysis of cured novolaks with different mean molecular mas­
ses (in inert and oxygen containing conditions) 

In addition, it was found that relatively high carbon yields (over 60%) are 
obtained in pyrolysis of very low molecular mass novolaks cured with 
10-14% HMTA (Fig.6.200,molecular mass 250), but these drop sharplyin the 
presence of oxygen - a process that can be retarded by the addition of phe­
nolic antioxidant additives (middle bars in Fig. 6.200). The latter effect can be 
explained by assuming active participation of the phenolic additives to form 
extended ranges of uniform structure. This structure is then less susceptible 
to attack by oxygen. Carbon yields of up to 60%, that only fall by about 10% 
(absolute) under the effect of oxygen, are achieved in the case of novolaks that 
exhibit molecular masses of 600-900 and are cured with 10-14% HMTA 
(right group ofbars in Fig. 6.200). 

This can indicate that optimal crosslinking of these novolaks affords 
enhanced oxidation stability. However, it is also possible that the increased 
oxidation stability is completely or partially associated with the nitrogen Ievel, 
since the carbonization residues are not free of nitrogen derived from curing 
with HMTA. Work by Böhm and Mang [ 11] has shown that a significant effect 
on the oxidation stability can be achieved by incorporation of nitrogen in 
amorphous carbon. Sugar was carbonized in this study. Such carbonization 
was also performed using sugar that had previously been treated with specific 
amines, and resulted in polymerk carbon containing up to 5% nitrogen. This 
treatment increased the resistance to oxygen by several powers of ten. The 
effects of boron and phosphorus as oxygen stabilizers are well known [ 12, 13]. 
However, direct incorporation of boron or phosphorus in the phenolic resins 
generally afforded no significant stabilizing effect. 

When pyrolyzed under an inert atmosphere, solid resoles afford a carbon 
yield of 66-70 %; these values drop by ab out one third in the presence of oxy­
gen. This behavior may be associated with the fact that oxygen-containing 
groups such as ether bridges are still present in the resite structure and partly 
induce the greater degradation. In the case of aqueous resoles condensed 
under alkaline conditions, the carbon yields obtained from the cured resins 



Fig. 6.201. Effect of oxygen 
on carbon yields in pyrolysis 
of furan resins 
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are around 50-65 %, but drop by about one third under the effect of oxygen. 
The presence of alkaline catalysts has an effect in this instance. 

Phenolics were also compared with furan resins. Furan resins exhibit an 
even greater tendency to oxidize during pyrolysis (Fig. 6.201). For example, the 
original carbon yield of nearly 55% falls to around 31% in a non-inert atmos­
phere. This is presumably associated with the greater instability of the partly 
linear, relatively oxygen-rich structure, which is partly crosslinked with 
double bonds and is less uniform than that of a phenolic resite. 

The effect of oxygen on pyrolysis of phenolics is also apparent in the struc­
ture of the carbon components observed in scanning electron micrographic 
analysis. An oxidative atmosphere generally causes increased growth of carb­
on whiskers from the gaseous phase at the surface of the carbon. The heating 
rate has a certain significance when pyrolysis is carried out under a slightly 
oxidizing atmosphere ( 1.5% oxygen). The whiskers are large and numerous at 
a low heating rate (Fig. 6.202). When the heating rate is higher (Fig. 6.203), no 

Fig. 6.202. Scanning electron 
micrograph of carbon 
from pyrolysis of a novolak­
hmta resin in an oxygen­
containing atmosphere, slow 
heating rate 
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Fig. 6.203. Scanning electron 
micrograph of carbon 
from pyrolysis of a novolak­
hmta resin in an oxygen­
containing atmosphere, fast 
heating rate 

Fig. 6.204. Specific surface Carbon from 
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whiskers are formed, and a "cauliflower" structure results. On the whole, far 
less material is also liberated. Theseobservations can be explained by the rela­
tionships expressed in the Boudouard equilibrium (2CO H C+C02). 

On the whole, studies have shown that the carbon yield and quality depend 
on the type of resin (phenolics generally better than furan resins), the cross­
linking density of the resins, the pyrolytic atmosphere (inert or oxygen con­
taining), and trace elements. 

The specific surface area of the carbon formed from phenolics (Fig. 6.204) 
is also affected to a considerable extent by the surrounding atmosphere. The 
following trends are nonetheless apparent: 

- Cured aqueous phenolic resoles result in a specific surface area less than 
1 m2/g when pyrolyzed in an inert atmosphere. Values which can be up to 
ten times higher occur in the presence of oxygen. 

- The specific surface area of the pyrolysis residue from an unmodified novo­
lak greatly depends on the crosslinking density and the molecular mass. 
After treatment in an inert atmosphere, specific surface areas of less than 
1 m2/g are measured at higher molecular masses when the Ievel of added 
hexamethylene tetramine is also high. 



6.4 Intermediate and Carbon-Forming Bonding 423 

Emissions 

200 300 400 

Temperature [°C] 

Fig. 6.205. Cleavage products in phenolic resin pyrolysis 

- In an oxygen-containing atmosphere, novolaks of various crosslinking 
densities in some cases yielded considerably higher values to less than 
6 while uncured low molecular-mass novolaks extend into the range of 
150 m2/g to 180 m2/g when pyrolyzed. 

These results are of general significance since the oxidative stability depends 
on the magnitude of the specific internal surface area. Reduction of the spe­
cific surface area leads to improved oxidative stability. 

The cleavage products which arise during pyrolysis of phenolic resins as 
the temperature increases from 350 °C to a maximum of about 450 oc are 
mainly hydrogen, water, carbon monoxide, low molecular mass hydrocarbons, 
and a certain fraction of phenolic derivatives and aromatic hydrocarbons 
(Fig. 6.205). 

The composition of the cleavage products changes significantly in the pre­
sence of oxygen. In pyrolysis tests, high er molecular mass pyrolysis products 
such as derivatives of benzene and phenol as well as polycyclic aromatics may 
be condensed in a cold trap and separated using various analytical methods. 
Suchexperiments may be carried out as comparative tests by including con­
ventional carbon-forming agents such as pitch (Table 6.109) or special chemi­
cal by-product binders ( e. g., Rauxolit, Vff, Castrop-Rauxel, Germany). 

The results can be summarized as follows: 

- Benzene derivatives, and phenol derivatives such as xylene and cresols, 
arise during pyrolysis of cured phenolic resins. 

- Naphthalene, phenanthrene, anthracene, and similar compounds are only 
produced at very low Ievels. 

- Benz[a]pyrene, acenaphthene, benz[a]anthracene, chrysene, benzofluor­
anthene, and other polycyclic aromatics were only observed during pyro­
lysis of pitch. 
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Table 6.1 09. Pyrolysis products of organic binders in an inert atmosphere 

Concentration o/o Phenolic resin Rauxolit• Pitch 

Toluol 0.04 0.19 
XYlOl 0.03 0.43 
Phenol 7.4 0.76 0.56 
Naphthalene 1.27 0.04 0.71 
Fluorene 0.04 0.24 0.32 
Phenanthrene 0.03 0.34 0.87 
Anthracene 0.02 0.07 0.23 
Fluoranthene 0.1 0.88 1.37 
Pyrene 0.74 0.83 
Benz( a )pyrene 0.77 
Acenaphthene 0.08 0.4 
Benz(a )anthracene 0.13 1.02 
Crysene 0.09 0.77 
Benz( b )fluoranthene 0.87 
Benz(k)tluoranthene 0.58 

a Rauxolit is a specialhinder for refractories based on a by-product of the chemical industry. 

- Fluoranthene and pyrene (structures I and II respectively in Fig. 6.206) can 
occur at levels comparable to those experienced in pyrolysis of pitch when 
novolaks are pyrolyzed in the uncured state, since "loose structures" (struc­
ture III in Fig. 6.206) are possible in that case. Only minimal levels of 
fluoranthene or pyrene arise during pyrolysis when the precursor products 
are adequately crosslinked. 

- Total emissions of organic cleavage products are considerably less than in 
the case of conventional carbon-forming agents such as pitch. 

M 
00 

II 
OH R' 3 

Fig. 6.206. Formulas of I = tluoranthene, II = pyrene, III = parts of the resite structure 
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To summarize, phenolic resins are generally quite well suited for use as car­
bon-forming agents. It is important to select the most suitable resin for the 
application, and to employ optimal curing and pyrolysis conditions. The emis­
sions which arise during pyrolysis relatively are uncomplicated, and there is 
little tendency for formation of polycyclic hydrocarbons, the pyrolysates gen­
erated also depending on the lattice structure of the cured resin. 

6.4.2 
Phenolic Resins as Binders for Refractories 

6.4.2.1 
Definitions 

Refractories are materials that are used at temperatures exceeding 1000 oc 
(Table 6.110). The softening points of these materials are generally considera­
bly higher than the operating temperature. The terms "refractory;' "highly 
refractory;' and "extremely refractory" derive from the appropriate level of 
softening temperature (Table 6.111). Certain construction materials of the 
refractories industry do not reach the softening temperature of 1500 oc stipu­
lated for"refractory" products, but otherwise satisfy the range of requirements 
for thermal insulation. Such materials are then termed "fire resistant." 

Refractories may be classified [ 1- 6] according to their chemical composi­
tion, their shape (shaped or unshaped), and according to the process or tech-

Table6.110. Classification of refractories (possibilities of differentiation) 

Classification Groups 

1. Classification according High-alumina 
to chemical composition 
(ISO 1109) 

2. Classification according 
to shape 

Fireclay 

German brick 

Silica 

Basic materials, 
e. g. magnesite 

Zircon silicate, SiC, 
etc. 

Shaped 

Unshaped 

3. Classification according 1. Bonding <150 °C 
to manufacturing process 
(ISO 2246) 

2. Bonding 150-800 oc 
3. Bonding > 800 oc 

Applications (Examples) 

High-temperature furnaces, products 
for steel casting 

Firing construction, blast furnaces, 
ladles 
Furnace construction 

Air heaters, coking furnaces 

Steel melting furnaces, containers for 
secondary metallurgy 

Glass melting furnaces, blast furnaces, 
nonferrous metals industry 

Bricks, blocks, spouts, plugs 

Ramming mixes, runner mixes, 
mortars, gunning mixes 

Refer to Fig. 6.207 



426 6 Economic Significance, Survey of Applications, and Six Bonding Functions 

Table 6.111. Classification of 
refractories according to 
their softening temperatures 

Designation 

Fire resistant 
Refractory 

Softening temperature 

Highly refractory 
Extremely refractory 

~1000-1500°C 

~1500-1770°C 

1770-2000°C 
~2ooooc 

nology used to manufacture them. ISO Standard 1109 classifies refractories 
according to their chemical/mineral composition, for example, as high­
alumina,Al203 containing products (corundum and bauxite), silicate materi­
als (containing more than 93o/o Si02), fireclay products, German brick pro­
ducts (containing 85-93% Si02), basic materials (magnesia, magnesia­
carbon, forsterite, dolomite, dolomite-carbon, and others), and special 
products such as carbon materials, nitrides, borides, and others. Refractory 
construction materials are further classified into shaped products such as 
bricks and shapes, or unshaped mixes such as mortars or ramming, trough, 
and taphole mixes. 

ISO Standard 2246 describes a classification according to the manufactur­
ing process associated with the pertinent type of hinder (Table 6.112). This 
Standard describes unfired products (manufactured at temperatures below 
150°C}, thermally treated products (produced at temperatures ranging from 
150-200 °C}, and fired or fusion cast products (manufactured at temperatures 
above 800°C}. At temperatures below 150°C, products such as clay, sodium 
silicate, cement, or organic materials such as molasses or lignin sulfonate may 
be used as binders. Products that are thermally treated at 150-200°C may 
similarly be bonded by inorganic chemical (phosphates, sulfates), hydraulic 
( cement), or organic chemical means (binders such as tar, tar pitch, or synthe­
tic resins such as phenolics). 

In the area of organic binders, tar pitch was earlier used to a major extent 
as a starting material to provide satisfactory carbon formation and achieve 

Table 6.112. Classification of refractories according to their manufacturing process (ISO 
2246); classification of binders 

Bonding 
temperature 

1. Below 150 °C 

2. 150 to 800 °C 

3. Above 800 oc 

Product 

Unfired products 

Thermally treated 
products 

Fired or fused 
products 

Binders (examples) 

Clay 
Phosphates, magnesium sulfate Cement 
Lignin sulfonate, molasses 
Other organic binders 

Phosphates, sulfates Cement 
Tar, pitch, and synthetic resins 
(formation ofbonding carbon) 

Bonded by firing or fusing 
followed by solidification 
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Table 6.113. Production ofrefractories ( selection) (from [ 3]) 

Country Production in millions of tonnes Monetary value in 
billions of DM 

Shaped Unshaped Total 

European Union 1988 3.1 1.8 4.9 
(EU) 1993 2.7 1.5 4.2 approx.5.3 

German share • 1988 1.07 0.73 1.8 
of total 1993 0.98 0.54 1. 52 1.93 

Japan 1988 0.95 0.8 1.75 
1993 0.72 0.78 1.50 

USA 1989 1.33 1.18 2.5 
1993 1.27 1.0 2.3 approx.2.9 

Russia [2] 1991 3.41 1.71 5.12 
1994 3.11 1.56 4.67 

• Representing approximately 14,000 tonnes of binders in Germany; of this approximately 
8000-9000 tonnes tar pitch and approximately 5000-6000 tonnes phenolic resins. 

properties such as particularly high slag resistance; however, for more than 
25 years, synthetic resins such as phenolics and furan resins have advanced in 
worldwide acceptance as binders and carbon-forming agents for refractories 
to provide further quality improvement and particularly for reasons of en­
vironmental impact and toxicity [6-10]. Products derived from tar contain 
carcinogenic polycyclic hydrocarbons such as benz[a]pyrene. 

6.4.2.2 
Economic lmportance and Applications 

Worldwide refractories production presently amounts to around 22-24 mil­
lion tonnes [ 3]. The production of refractories has declined over the past 
two decades (Table 6.113). This has mainly resulted from technological 
changes in the consuming industries, and from improvements in refrac­
tories leading to longer service lives. As shown in Table 6.113, worldwide 
production declined by around 11-12 o/o over the period from 1988 to 
1993/1994. 

The main user of refractories (Table 6.114), accounting for about 70% of 
the total, is the iron and steel industry. In this field, synthetic resins (phenolics 
and furan resins) are presently in common use as binders for shaped products 
such as magnesia, dolomite, bauxite, and andalusite-based bricks, for isostati­
cally shaped products, and unshaped mixes such as those for blast furnace 
tapholes, troughs, and tundish liners, and as impregnating agents for the vacu­
um/pressure process. The scheme in Fig. 6.207 surveys the uses of or­
ganically/phenolic resin bonded products in steelmaking, i.e., in the area of 
the blast furnace, during further transportation of the steel to and from the 
converter, and in continuous steel production. 
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Table 6.114. Refractory users and specific refractory consumption ( from [ 3]) 

Users ( totals worldwide) Share of refractory 
consumption in % 

Specific refractory consumption in kg 
of refractory per tonne of product 

Iron and steel industry 

Nonferrous metals 
industry (Al, Cu, Ni, Pb, 
Sn, Zn) 

Glass industry 

Cement and lime industry 

Ceramies 

Chemistry, petrochemistry 

Othersb 

approx.70 

2-3 

3-4 

4-7 

4-7 

2-4 

approx.10 

18-25a 

6-9 

5-8 

0.6-1.2 

a With !arge regional variations, for example extremes of 10-15 kg refractory per tonne in 
Japan, France and Germany compared to 70-75 kg in Russia [2]. 

b This includes the refractories industry, coal gasification, thermal power stations, thermal 
waste processing, electric storage heaters. 

Fig. 6.207. Illustration of high 
quality refractories for iron 
and steel making (1 = taphole 
mass, 2 = ramming mass for 
trough Iiners, 3 = bauxite- and 
andalusite-bricks, 4 = mag­
nesia-carbon-bricks, 5 = dolo­
mite carbon bricks, 6 = slide 
gates, 7 = shroud, 8 = submerg­
ed nozzle) 

~ 
~Taphole 

Torpedo Laddie 
3 

Converter 

4 

Steel Laddie 

Tundish 

~fl?. 
Phenolic resin bonded bricks [ 11] offer four fundamental advantages: 

1. Mannfacture and use is environmentally friendly 
2. Mannfacture saves energy when the cold mixing process is used 
3. The products do not pass through a plastic phase when heated, as do those 

bonded with materials such as pitch 
4. Higher Ievels of carbon (more graphite or carbon black) can be used, thus 

achieving high wear and slag resistance 



Fig. 6.208. Isostatically shaped 
products (high quality refrac­
tories) 

Fig. 6.209. Use of phenolic 
bonded ramming mixes: 
production of blast furnace 
troughs for discharge of the 
melt 
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Isostatically pressed products (Fig. 6.208) may also be markedly improved 
with respect to their service life by use of phenolic resin binders, particularly 
when compared to that of ceramically bonded shapes (increased thermal 
shock resistance). Novolak/hexa powder resins in combination with furfural, 
or specialliquid modified phenolic resoles without furfural are used as bind­
ers in this case. 

Unshaped mixes for blast furnace troughs (Fig. 6.209) are used in the form 
of either plastic ramming mixes containing resin solutions as binders, or dry 
vibratory compacted mixes with powder resins as binders, and afford particu­
larly high wear resistance, as has been frequently demonstrated in practice. 
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Phenolic resins exhibiting low reactivity but a high residual carbon level 
following carbonization are used in manufacture of blast furnace taphole 
mixes (also refer to Fig. 6.207), ensuring satisfactory setting oftheblast fur­
nace tapholes and thus a high level of safety, while simultaneously affording 
extremely short plugging times. The reduced reactivity of these resins pre­
vents premature hardening of the mixes in the plugging machine. 

6.4.2.3 
Environmentallmpact in Use of Phenolic Resins 

More than ever, the emission behavior (Fig. 6.210) is presently a prime concern 
in selection of a hinder for refractories [12]. In the case of synthetic resin 
binders, and particularly phenolics, the levels of monomers and odoriferous 
cleavage and pyrolysis products were reduced significantly years ago by opti­
mization of existing and development of new resin systems [ 13]. As a result of 
these extensive development efforts, products exhibiting very low monomer 
levels are presently available on the market. 

Reliable workplace exposure determinations show that modern, i. e., low­
monomer synthetic resin binders may be used and handled without problems 
from a technical or industrial medical hazard standpoint. In cantrast to the 
situation in the case of conventional tar and pitch binders, the emissions from 
phenolic and furan resins exposed to pyrolytic conditions are limited to a few 
easily measured components due to the regular, predictable structures of the 
resins. 

Phenolic and furanresins contain no polycyclic aromatics such as benz[a]­
pyrene. There is also no significant tendency to form such compounds during 
pyrolysis (Table 6.115). The pyrolysis products from phenolic resins and other 
binders listed in Table 6.115 were determined using the INASMET method as 

Fig. 6.210. Examples for uses 
of phenolic resins in produc­
tion of refractories: mono­
bloc stopper plugs made by 
isostatic compression (left) 
and graphite crucibles 
manufactured by the spin­
ning process (right) 
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Table 6.115. Pyrolysis products (guide components) from phenolic resins, pitch substitutes 
("chemical binders") and tar pitch (inert atmosphere) (from [13)) 

Concentration in % Phenolic resin Chemical hinder Pitch 

Toluene 0.04 0.19 
Xylene 0.03 0.43 
Phenols 7.40 0.76 0.56 
NaphthaJene 1.27 0.04 0.71 
Fluorene 0.04 0.24 0.32 
Phenanthrene 0.03 0.34 0.87 
Anthracene 0.02 0.07 0.23 
Fluoranthene 0.10 0.88 1.37 
Pyrene 0.74 0.83 
Benz[alpyrene 0.77 
Acenaphthene 0.08 0.40 
Benz[ a I anthracene 0.13 1.02 
Chrysene 0.09 0.77 
Benz[ b I fluoranthene 0.87 
Benz[klfluoranthene 0.58 

already described in Sect. 6.4.1. The pyrolyses were carried out under an inert 
atmosphere in this case. When the determination is performed in the presence 
of 1.5 vol. o/o added oxygen, the fraction of phenols liberated in the phenolic 
resin pyrolysis is reduced to more than 90 o/o, and the Ievels of the other listed 
pyrolysis products largely fall to below the Iimit of detection. The fractions of 
polycyclic aromatics liberated during pyrolysis of the "chemical binder" Rauxo­
lit and tar pitch only change to an insignificant extent when pyrolysis is con­
ducted in the presence of the indicated volumetric concentration of oxygen. 

Measurements made in practice under the difficult analytical conditions of 
a steelmaking plant also exist (Fig. 6.211), and demoostrate the composition of 
the pyrolysis gases liberated when steelladles are heated up. The emissions 
from ladles lined exclusively with either tar pitch or phenolic resin bonded 
dolomite bricks were compared. The results of these tests demonstrated that 
the emission potential of tar pitch is higher than that of phenolic resin by a fac­
tor of around 1000 even under the very favorable combustion conditions expe­
rienced in optimized ladle firing. One of the reasons for this remarkable dif-

Fig. 6.211. Emissions 
("organic carbon") of car­
bon-containing !adle 
linings made using conven­
tional ( tar pitch) and syn­
thetic resin (phenolic) bind­
ers - measurements in 
practice 
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ference is the fact that phenolic resin pyrolysates undergo more facile thermal 
oxidation, even at a relatively low atmospheric oxygen level. This observation 
also agrees with the previously mentioned results of laboratory measurements. 

6.4.2.4 
Shaped Products 

When phenolic resins are used to produce shaped refractories, the resin per­
forms two main functions: 

1. It acts as a hinder in the shaping process. 
2. It provides a source of carbon due to its favorable carbonization properties 

at temperatures between 300° and 1000 °C. 

The selection of a specific phenolic resin depends on the processing method 
[14, 15], since the various types of resins may be associated with different pro­
cessing methods (Table 6.116). Figure 6.212 shows a flow chart illustrating 
production of shaped refractories. The main raw materials aside from sili­
con carbide, silicates and other mineral products are carbon in the form of 
graphite and carbon black, and magnesia, dolomite, bauxite, and andalusite 
(Table 6.117). However, the deposits of these products throughout the world 
vary in quality. Particular attention must be paid to the level of calcium oxide 
when liquid phenolic resins aretobe used (anhydrous binders possibly being 
required). 

Table 6.116. Phenolic resins for refractories: binders, mixing processes and applications 

Applications 

Magnesia and 

Magnesia-Carbon bricks 

Dolomite bricks 

Bauxite and 

Andalusite bricks 

Isostatically formed 
products 

Sliding gates 

Graphite crucibles 

Blast furnace taphole 
mixes 

Trough mixes 

Ramming mixes 

Impregnated, ceramically 
bonded products 

Cold-mixing 

Resols 

Novolak solutions 

Novolak solutions 

Resols 

Novolak solutions 

Resols 
Novolak solutions 

Resols 
Novolak solutions 

Resols 
Novolaks 

Resols 
Novolak solutions mixture 

Powdered resins 
Novolak solutions 

Powdered resins 

Resols 
Novolak solutions 

Warm-mixing 

Novolak 

Novolak solution 

Novolak 

Novolak 

Novolak 

Novolak solutions 

Novolak 
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Raw Materials MgO CaO 

Bakelite-F-Type Resins c 

Mixing Technique 

Shaping 

Cu ring, Carbonization 

Products 

Fig. 6.212. Production of refractories, schematic flow chart 

Table 6.117. Raw materials for refractories ( selection) 

Raw material Places where found 

Magnesia Austria, Turkey, China, 
Australia, Canada, Brazil 

Dolomite Germany, UK, USA, Italy, 
India 

Bauxite Guyana, China, Brazil 

Andalusite South Africa 

Formula Melting 
temperature 

>90% MgO, Fe20 3 , CaO, 2800°C 
Si02 ,Al20 3 

60 o/o MgO + 40 o/o CaO 2450 oc 

Al203, Si02, >88 o/o Al20 3 , Si02 , 2000 oc 
Fe20 3, Ti02 

Al20 3 Si02 , 55-60% Al20 3 , 1800 oc 
Fe20 3 , Si02 , Ti02 

In case of more stringent demands, particularly in the necessary crude iron 
treatments (desiliconization, dephosphorization, or desulfurization) and for 
steelmaking equipment, high-alumina (greater than 45% Al20 3) products 
with a graphite level of up to 20% and bonded with pitch or - as is currently 
more and more the case - phenolic resin can be used to meet the mechanical 
and chemical/metallurgic stresses. The addition of antioxidants counteracts 
oxidative stresses due to air, carbon dioxide, or iron oxide. 

The mixing process may be carried out at room temperature or at elevated 
temperatures. At present, shaping is mainly performed in controlled hydraulic 
presses (Fig. 6.213). These can be continuously adjusted to match structural 
requirements by means of special electronic process controls. Thus, parame­
terssuch as the height and shape of bricks can be continuously monitared and 
corrected during the pressing operation. Depending on the tonnage of the 
press and hydraulic drive, the applied pressure can range from 80 N/mm2 to 
200 N/mm2• The isostatic compression method, a special case that is consider­
ed below, is carried out using molds of flexible materials such as plastics or 
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Fig. 6.213. Hydraulk press 
with two molds used for 
manufacture of refractory 
bricks (from [6]) (source: 
Didier-Werke, Wiesbaden) 

rubber. In this method, the mold is placed in an autoclave and subjected to an 
even pressure applied through a liquid. The pressurized liquid produces an 
even compression force in all directions. The production stage designated as 
"curing, carbonization" in Fig. 6.212 can be conducted using modern ovens, 
dryers, or burners and lasts over a period of hours to several days. The time 
depends on the size of the parts, the cleavage products liberated during eure, 
or hinder decomposition (carbonization), the required grade, and other fac­
tors related to process engineering and application technology. The expected 
material shrinkage is compensated in advance. The parts are fired in annular, 
tunnel (Fig. 6.214), and other types of ovens. Thesesystems can be operated 
with all types of fuels, or electrically heated. 

6.4.2.5 
Manufacture of Bricks 

The firststage in manufacture ofbricks (Fig. 6.215) based on andalusite, bau­
xite, dolomite, magnesia, and similar materials consists of a cold or warm 
mixing operation. In the cold mixing method, the mixing operation is perfor­
med at room temperature. This is obviously the most desirable method from 
the Standpoint of energy costs. 



Fig. 6.214. Tunnel oven 
for curing phenolic bonded 
refractories ( from [ 6]) 
(source: Didier-Werke, 
Wiesbaden) 

Fig. 6.215. Phenolic resin 
bonded refractory bricks 
(converter, taphole and 
!adle bricks) 
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The refractory components (Table 6.117) and certain additives such as car­
bon black, graphite and possibly metal (Si, Al) powder are intimately blended 
with a 3-5 % bin der fraction. A recommended order of mixing is first to wet 
the coarse grain with most of the binder, and then blend in the fine-grained 
fractions together with the remaining binder. The added graphite produces a 
proportionate increase in the thermal shock resistance and improvement in 
the slag resistance. The metallic additives are designed to reduce the suscepti­
bility to oxidation of the carbon, particularly the polymerk carbon derived 
from the synthetic resin binder. 

Liquid resole-based resins containing various levels of free phenol ( resins A, 
B, and C in Table 6.118) and novolak solutions (resin D in Table 6.118) have 
been used with great success for production of magnesia-carbon bricks 
(Tables 6.118 and 6.119), including those with high levels of graphite. Hexa 
( 10- 14% based on resin solids) is added when novolak resins are used. 

The bonding and adhesive power of such mixes, and thus their compressi­
bility and the green strength of shapes made from them, may be further 
improved by addition of a novolak/hexa-based powder resin such as H, J, or K 
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Table 6.119. Powder resins for various uses (refractory manufacture) 

Resin Type Delivery Residual Flow distance Use(s) 
form phenol% at 125 °Cmm 

ISO 8974 ISO 8619 

H Phenolic novolak Powder max.0.5 35±5 Bricks (additive) 
withhexa 

Phenolic novolak Powder max.0.5 50±5 Bricks, ramming 
withhexa mixes 

K Phenolic novolak Powder max.0.5 70±10 Ramming mixes 
withhexa 

L Modified, hexa-free Powder max.0.8 90±15 Trough mixes 
phenolic novolak 

in Tahle 6.119. Themaisture level of the mix is furthermore reduced hy parti­
al replacement of the liquid resin hy the powder resin. 

Bauxite and andalusite hricks exhihiting high green strength may he pro­
duced using liquid resoles such as resin G in Tahle 6.118, or novolak solutions 
(resin D in Tahle 6.118) in comhination with powder resins (resins Hand J in 
Tahle 6.119). 

When dolomite is used as a refractory component, the presence of water 
must he avoided completely. Hydration and consequent decomposition of the 
crystalline structure will occur due to the calcium oxide content. Appropriate 
hinders should not contain water, nor should they form water during the 
curing process. Resin solutions that employ ethylene glycol as a solvent are 
similarly unacceptahle. Novolak solutions containing less than 0.3% water, 
such as resin D in Tahle 6.118, are therefore used to manufacture dolomite or 
dolomite-carhon hricks using the cold mixing method. A common, hut rela­
tively expensive, solvent for that is anhydrous furfuryl alcohol. Certain esters 
are similarly suitable as solvents, but in general are relatively rarely used due 
to their emission and odor properties. Powdered hexa is hlended into the 
novolak solutions during the mixing operation, or is introduced hy addition of 
a powder resin with a high hexa content. 

A further hinder option used in the cold mixing method consists of acid­
sensitive phenolic or furan resins with special curing systems. However, these 
hinder comhinations can only he used when the refractory raw materials do 
not react with acids or acidic compounds. Understandahly, such mixes exhihit 
only limited hench lives. 

All mixtures prepared using the cold mixing method may he shaped hy 
compression at room temperature. 

In the warm mixing process, the mixing operation - as in processing of tar 
pitch - occurs at elevated temperatures ( ahove 70 °C). In this case, solvent-free 
novolaks such as resin EinTahle 6.118 are particularly useful as hinders. In 
manufacture of dolomite hricks, this method offers the special advantage that 
the malten resin is practically anhydrous and liherates no water during the 
curing reaction. The hexa curing agent is hlended at temperatures ranging 
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from 70 °C to 85 °C, care being taken that the temperature does not exceed 
85 °C for any lengthy period to avoid premature decomposition of the hexa. 
After the blending operation, the mix is generally pressed in a warm condition 
to ensure an adequate level of compression. 

All shapes produced using the cold and warm mixing processes are cured 
by heating to temperatures ranging from 180 oc to 200 °C, the temperature 
being gradually increased ( 10 °C per hour) from 80 oc to 180 oc. Volatile com­
ponents including water (from resoles), the monomerk components phenol 
and formaldehyde, and when hexa is used as a curing agent (for novolaks) 
ammonia are liberated during the curing process. These products are convey­
ed to an afterburner. 

6.4.2.6 
lsostatically Pressed Products for Continuous Casting 

Numerous products for use in continuous casting (Figs. 6.216 and 6.217) may 
be produced using the isostatic compression method (Fig. 6.218). These in­
clude shrouds (Fig. 6.208), submerged nozzles, and monoblock stoppers 
(Fig. 6.210, left). 

Fig. 6.216. Illustration ofhigh 
quality refractories in a two­
strand continuous caster 
(a = steel casting !adle, 
b = tundish, c = mold, 
d = steel stand, e = !adle 
lining,f = gas purge set, 
g = !adle sliding gate with 
phroud, h = monobloc plug, 
i = submerged nozzle, 
k = tundish lining) (source: 
Didier-Werke, Wiesbaden) 

Fig. 6.217. lsostatically for­
med Refractories for the 
tundish of a continous 
caster (1 = monobloc 
stopper, 2 = !adle shroud, 
3 = submerged nozzle) 
(source: Didier-Werke, 
Wiesbaden) 

- 3 - 3-



Fig. 6.218. Isostatic press for 
manufacturing premium 
continuous casting com­
ponents such as monobloc 
stoppers, submerged nozzles 
and shrouds (source: Didier­
Werke, Wiesbaden, Germany) 
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The mixtures for such products are mainly produced by the cold mixing 
process. A synthetic resin-based method so common it may already be termed 
"conventional" is the use of phenolic novolak/hexa powder resins in combina­
tion with furfural. Due to the toxicity of furfural, this method is increasingly 
being replaced by those using furfural- free, environmentally friendly phenolic 
resin systems. 

An important point in the manufacture of isostatically pressed products is 
ensuring that mixing of the oxide-based refractory components with graphite 
and other additives as well as 10-20% of added hinder yields a fine-grained, 
homogeneaus granulate that may be charged into the isostatic compression 
mold without separation occurring. 

Satisfactory granulation of the mix is generally achieved when aqueous 
resoles such as resin M in Table 6.120 are used. The mix must be dried to a cer­
tain extent to produce a free-flowing, storable granulate. However, this post­
drying stage may be omitted when specialadditives that produce drying of the 
granulate during the mixing process itself are included. Another option is the 
use of novolak solutions that require addition of hexamethylenetetramine for 
curing and similarly afford dry granulates when special additives are incor­
porated during the mixing operation. 

Following the isostatic pressing operation at room temperature, the green 
shapes are cured by slowly increasing the temperature to 80- 180 oc at a rate of 
10- 30 °C per hour, followed by carbonization in the absence of air at tempera­
tures ranging up to about 800 °C. 
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6.4.2.7 
Slide Gates, Graphite Crucibles, lnsulating Plates 

Slide gates (Fig. 6.219), for example, those used to close steel casting ladles 
(Figs. 6.207 and 6.216), are mainly fahricated using the cold mixing method, 
and can he honded using phenolic resoles in comhination with powder resins. 
The novolak solutions recommended for the cold mixing method may also he 
used (with added hexa) for this purpose. 

In this case as well, a certain amount of powder resin may he added to reduce 
the volatiles level and increase the carhon yield. Powder resins containing hoth 
antidusting and release agents have heen developed for this purpose, and 
reduce the tendency of the mixes to stick during pressing. After the products 
have heen shaped hy pressing at room temperature, they are cured and suhse­
quently pyrolyzed to carhonize the hinder in a manner analogous to that 
descrihed in the case of isostatically pressed shapes. 

Two modes of operation, the isostatic pressing method and the spinning 
process, are mainly employed to manufacture graphite crucihles (Fig. 6.210, 
right).As previously mentioned, the isostatic pressing method requires the use 
of a free- flowing, homogeneaus granulate that can he produced using phenol­
ic resoles such as resins M and Q in Tahle 6.120, or novolak solutions in com­
hination with hexa as a curing agent. In the spinning process, a crucihle mold 
rotating around a conical cylinder spinsout a highly plastic, doughy mix to the 
upper edge of the mold. 

In addition to the cold mixing method, the warm mixing process using 
appropriate novolak solutions is recommended for production of such mixes. 
Drying, curing, and pyrolysis of the crucihles require slow increases in the 
temperature to avoid cracking or other defects due to sudden evolution of 
excessive levels of volatile components. 

Isothermal insulating plates are used hoth for thermal insulation of per­
manent molds in steel mills, and to line cold distrihution troughs for conti­
nuous casting. The effective thermal insulation holds the melt at a sufficiently 
high temperature for a certain period of time. These insulating plates consist 
of 95% inorganic and organic fillers, and a 5% hinder fraction in the form of 
novolak/hexa-hased powder resins. The resins provide the shapes with high 
mechanical strength and good maisture resistance. Fillers such as sand, waste 
fiher, mineral/rock wool, and waste paper, tagether with ahout eight times 
their volume of water, are finely divided and transformed into a pulpy sus-

Fig. 6.219. Slide gate plate for 
a continuous casting line 
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pension in appropriate mixers. These mixes are dewatered and shaped in 
screen molds by applying pressure using a vacuum, dried in an oven at 80-
100 °C, and finally cured by increasing the temperature to 180 - 200 °C. 

6.4.2.8 
Unshaped Refractory Mixes 

The fields of application and uses of unshaped mixes are quite varied, and 
range from blast furnace taphole and trough mixes as well as free-flowing 
tundish mixes through mortar and grouting mixes to vibratory, coating, 
gunning, and repair mixes. Consequently, the demands made on the hinder 
properties also differ widely. 

Novolak solutions such as resin Tin Table 6.120, aqueous resoles such as 
resin R in Table 6.120, and combinations of the two may be used for produc­
tion of tar pitch-free taphole mixes. In this case, the novolak solution is used 
without added hexa to avoid premature curing of taphole mixes in the plug­
ging machine due to the effects of elevated temperature. 

The phenolic resole R in Table 6.120 can also be used as a sole binder, and 
features very high binding and adhesive power, low reactivity and a very low 
(3- 4 o/o) water level. Resin solutions representing a combination of resole and 
novolak (resin S in Table 6.120) arealso available. 

Special plasticizing agents (plasticizers, waxes, oils) are used in addition to 
the hinder to prevent premature curing and improve the plasticity of taphole 
mixes [16-18]. 

Phenolic resins are already used as binders in production of (dry or plastic) 
mixes for the runners used to convey the flow of steel from the blast furnace 
(Fig. 6.207). Novolak solutions using added hexa as a curing agent, for exam­
ple, resin U in Table 6.120, have been found particularly appropriate for the 
plastic mixes, and provide the rammed trough wall with excellent green 
strength due to the very high compressibility of the mixes made with them. 

Dry, free-flowing vibratory compacting mixes are increasingly used in cur­
rent practice, and are expected to meet the following demands: they should be 
low dusting or dust-free, have low odor during the curing process, should pro­
vide high strength after curing, and high wear resistance in use. Hexa-free 
powder resins (resin L in Table 6.119) are particularly suitable for this appli­
cation. Thesebinders liberate no ammonia during the curing process, and may 
thus be considered essentially free of odor. Backing mixes are used for certain 
applications, and are rammed behind patterns to form shapes. 

The previously described powder resins (H-L in Table 6.119) are best suit­
ed for this purpose, i. e., resins with both high and low levels of hexa are used, 
and after curing provide the rammed wall with a high level of strength, per­
mitting easy stripping of the patterns. 

6.4.2.9 
lmpregnation of Refractories 

Introduction of carbon into the pores of refractories such as ceramically bond­
ed products has been found to be a particularly useful method of improving 
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Fig. 6.220. The pressure/ 
vacuum process for impreg­
nation of refractories ( e.g., 
sliding gate plates) or carbon 
materials with liquid phenol­
ic resins 

1. Evacuatlon 2. Asplrate resln 
by vacuum 

3. lmpregnatlon 
by pressure 

the quality, particularly with respect to the slag resistance [19]. A relatively 
simple means of introducing carbon into shapes is to impregnate them with 
phenolic resins using the cold or warm impregnating method, and then to car­
bonize the binder. Use is made of the vacuum/pressure process (Fig. 6.220). 
This method is quite familiar from the technology of carbon and graphite 
materials used to manufacture equipment components and tubes. Special phe­
nolic resole and novolak/hexa solutions ( resins V, W, and X in Table 6.121) are 
available for room temperature impregnation. These resins particularly fea­
ture lowviscosity and good wetting and impregnating properties. Special tem­
perature programs (Fig. 6.221) permit curing of the resins without exudation 
of the hinder at the surface of the shape part. Impregnating procedure is al­
ready being used, i.e., for the improvement of slide gates and shaped articles 
[ 20 ]. Also impregnated bricks are used for test runs. 

Table 6.121. Phenolic resins for impregnation of refractories 

Res in Type 

V Phenolic resole 

w Phenolic novolak 
with hexa 

X Phenolic novolak 
with hexa 

Fig. 6.221. Curing program 
for resin impregnated re­
fractories (source: Bakelite 
AG, Iserlohn, Germany) 
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6.4.3 
Carbon and Graphite Materials 

6.4.3.1 
lntroduction (General Information) 

Carbon and graphite are ceramic engineering materials that are highly suit­
able for use in equipment construction [ 1] due to their high Ievel of corrosion 
resistance, and desirable chemical and physical properties. Such materials are 
particularly appropriate for components that come into contact with corrosive 
substances such as hydrochloric, hydrofluoric, and other acids in equipment 
such as columns (Fig. 6.222), plates, and packing used in operations including 
distillation and rectification. Thus, carbon and graphite materials are widely 
used in production of chemical equipment, electrode material, graphite elec­
trodes for steel smelting, and in many other applications. These materials can 
generally be produced from coke, carbon black, and graphite-based mixtures 
with carbonizable binders. 

For many years, these materials have been produced using phenolics such 
as powder resins, aqueous resoles, and novolak/resole-based resin solutions as 
binders, impregnating agents, and carbon donors. In this application, pheno­
lics generally compete with conventional binders based on tar pitch and simi­
lar residue-derived products [2-8]. 

The base mixture generally represents a compound used to produce 
moldings that are commonly carbonized at 800-1200 °C in a reducing atmo­
sphere. In special cases, heat treatment is carried out at temperatures up to 
2600-3000°C. The phenolic resin undergoes the decomposition and reorien-

Fig. 6.222. CFC packing for 
separating columns (photo: 
SGL Carbon International, 
Meitingen) 



Fig. 6.223. Scanning electron 
micrograph of the fractured 
surface of a CFC composite 
article with a carbonized resin 
matrix (photo: SGL Carbon 
Group, Meitingen) 

6.4 Intermediate and Carbon-Forming Bonding 445 

tation processes described in the chapter on pyrolysis to form polymeric car­
bon, and thus acts as a carbon donor. This means that the carbon or graphite 
particles are bonded tagether to form a homogeneaus composition. The resul­
tant system is generally porous, exhibiting a mean porosity of 20- 30% that 
can affect the range of engineering properties of the materials. 

Depending on the process and parameter conditions, heat treatment ( term­
ed "carbonization" or "cracking") of the phenolic resin hinder affords a car­
bon yield of 40-60% based on the original organic starting material [9] . The 
polymeric carbon yield has a major effect on the quality of the carbon-based 
material. Porous carbon and graphite articles may be treated with impregna­
ting resins. This reduces the porosity and increases the strength of the carbon 
or graphite articles. Aside from phenolic resins, the patent Iiterature describes 
the use of furfural-tar mixtures [10] and polyurethane prepolymers [11] as 
impregnating agents. 

CFC (Carbon Fiber Composite) or Carbon Carbon Composite (see page 
267) represents a relatively modern carbon-based engineering material. CFC 
is a fiber composite made up of a carbon matrix and reinforcing fibers of the 
same material [ 12] ( see Sect. 6.1 .5). Modification of the type of fibers, their ori­
entation, the fiber fraction, and the production method permits relatively wide 
variation of the range of properties of these high-quality materials. These 
materials consist of continuous phases of fibrous or compact carbon, and car­
bon in crystalline and vitreous form. CFC products are generally produced 
using crystalline carbon fibers and an amorphaus carbon matrix (Fig. 6.223). 

As may be inferred from this general description, various aspects apply to 
the use of phenolic resins in production of carbon and graphite materials: 

1. In the form of binders and adhesives, they act to connect and bond the in­
dividual carbon particles. 

2. Phenolic resins render it possible to produce the desired shape by com­
pression or extrusion processes. In some applications, their purpose is to 
achieve adequate green strength in the moldings and high strength in the 
finished product following the curing process. 
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3. Liquid phenolic resins can be used as impregnating agents for porous car­
bon and graphite articles to reduce their permeability and increase the 
strength of the material. 

4. As in production of glassy carbon, they act as an additional carbon donor 
in other carbon-based materials, for example, in treatment of graphite. 

6.4.3.2 
Phenolic Resins as Binders for Carbon and Graphite Engineering Materials 
(lncluding CFC) 

Aqueous phenolic resoles are commonly used as binders. The coal, coke, or 
graphite raw materials of various particle size distributions are intimately 
mixed with the liquid phenolic resin. As in production of refractories, powder 
resins may also be incorporated to enhance the green strength or increase the 
carbonization residue. After the product has been shaped by compression, 
extrusion, or isostatic pressing at ambient or elevated ( 60- 80 oq temperature, 
it is heat-cured by slowly increasing the temperature to 180-200°C in stages 
according to a defined pro gram. When powder resins are mainly used, it is also 
possible to shape the products directly by hot compression molding at tempe­
ratures ranging from 160°C to 180°C. Depending on the end use, the cured 
moldings or pressings are used immediately, or are subsequently heated to 
high temperatures in a reducing atmosphere to carbonize the binder. 

The premium chemical and physical properties of carbon-based materials, 
particularly their good thermal conductivity and high temperature resistance, 
render them useful not only in conventional applications such as electrode 
materials, carbon brushes, slip-ring seals, and bearing materials, but also 
increasingly in modern technologies such as rocket engineering, for nuclear 
reactors andin production of fuel elements, for highly stressed heat exchan­
gers (Figs. 6.224- 6.226), andin desulfurization of flue gas. In keeping with the 
rising demands on such applications, the phenolic resins used in them have 
been adapted to new operating techniques and modified to provide the desi­
red rang es of material properties over the past years. 

Phenolic resins of various compositions - aqueous phenolic resoles as well 
as resin solutions generally based on novolaks - are used for production of 
CFC materials. It is also possible to use low-melting novolaks applied by the 
melt coating process [12] at temperatures ranging from 90 °C to 120 oc in com­
bination with added hexamethylene tetramine. 

Depending on the starting materials and manufacturing process, CFC 
materials can offer a variety of properties and application opportunities. The 
production process is outlined in Fig. 6.227. Various grades of carbon fiber are 
used. Polyacrylonitrile-based carbon fibers are mainly used for textile inter­
mediates such as staple fiber, yarns, woven tapes, and various weaves ofbroad­
cloth. The function of a component is already taken into consideration 
during its manufacture. This means, for instance, that a housing is produced 
with Iaminated roving fabric, a holt cut from a semifinished piece made with 
staple fiber fabric, and a pump shaft fabricated from a tube produced with 
windings of roving fabric. The fact that phenolic resins afford higher carbon 



Fig. 6.224. cross-section 
through a fiber jacketed 
tubular heat exchanger 
(photo: SGL Carbon Group, 
Meitingen) 

Fig. 6.225. Partial view of a 
Diabon® HF 1 tubular bundle 
(photo: SGL Carbon Group, 
Meitingen) 
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yields than epoxies, polyester resins, and similar carbon donors has also been 
demonstrated in production of CFC. In addition, phenolic resins generally 
represent a less costly alternative than the other synthetic resins. 

Depending on the orientation of the fibers within the composite, changes 
in its external dimensions may be observed. A sheet made with roving fabric 
(Fig. 6.228) experiences no dimensional changes along the fibers arranged in 
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Fig. 6.226. Carbon fiber rein­
forcement of a tube base 
(photo: SGL Carbon Group, 
Meitingen) 

Roving Fabric, UD Tapes, 
Cloth,Yarns of Garbon Fiber 

Pressing, 
Cu ring 

Graphitization 

Resins 

Component 

Fig. 6.227. Production of carbon fiber-reinforced carbon (from [12]) 



Fig. 6.228. Model of a Ievel 
CFC sheet of roving fabric 
(from [12]) 

Fig. 6.229. CFC heating element 
(photo: SGL Carbon Group, 
Meitingen) 
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the x and y planes. However, shrinkage vertical to the plane of the fabric insert 
may be observed. 

Massive articles with multidimensional fiber reinforeerneut are obtained 
using special weaving and knitting techniques producing an arrangement of 
carbon fibers that extends into three-dimensional space in all directions [ 13]. 
Such a three-dimensional, fiber-reinforced object is subsequently impregnat­
ed with binders. Major CFC applications include aircraft brakes and furnace 
construction (Fig. 6.229). Other fields of application arerocket technology and 
pattern making. All components are capable of use at temperatures up to 
2500 °C. This underscores the utility of these engineering materials. 
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Table 6.122. Typical Data of Impregnating Resins (A = Resole, B = Novolak) 

ResinA Resin B 

Viscosity at 20 oc (method Hoeppler ISO 9371) mPa·s 1000±200 630±50 
Gel time at 130 oc (ISO 9396) min s 11.30±2.30 8.55 
Non-volatile at 135 oc (ISO 8618) o/o 75.5± 1.5 60+ 1.5 
Residualphenol (ISO 8974) o/o 6.5± 1.5 approx.0.5 
Water content K.F. Fischer (ISO 760) o/o 14.5±2.5 approx.0.4 

6.4.3.3 
Phenolic Resins as lmpregnating Agents for Porous Carbon or Graphite Articles 

Liquid resins (aqueous phenolic resoles) or novolak-based resin solutions 
with added hexa are used to impregnate carbon-based materials (Table 6.122). 
These resins feature particularly good impregnating abilities and high carbon 
yields. The two different impregnating resins listed in Table 6.122 can lead to 
similar impregnation results. The purpose of impregnating porous carbon and 
graphite materials is to reduce their permeability and increase their strength. 

Impregnation is carried out in a vacuum-pressure vessel (also refer to 
Sect. 6.4.2.9) that is pressurized at up to 10 bars after the impregnating agent 
has been charged. The process conditions, including the viscosity of the 
impregnating agent and the impregnating time, are largely determined by the 
range of dimensions exhibited by the pores of the material. The impregnated 
articles are heated to 150-220 oc to eure the impregnating agent. Since part of 
the impregnating agent escapes from the porous system during this treatment, 
possibly rendering it impossible to achieve the desired effect, curing can also 
be carried out under pressure [14]. Large-scale impregnating systems operate 
essentially automatically [15]. The resin-impregnated carbon and graphite 
materials are largely impermeable to fluids, and they exhibit strength levels 
that are generally 50% higher than those of non-impregnated materials. The 
impregnated carbon-based materialsfind a wide variety of uses [16-23]. It is 
important that (liquid) resins capable of homogeneously filling the pores be 
used; not only the resin as such, but also the volatile substances that are libe­
rated during curing and are captured within the resin exert a significant effect 
on pore filling (cf. Fig. 6.230). The impermeability required for some applica­
tions, such as high-temperature nuclear reactors and heat exchangers, is only 
achieved by repeated impregnation and pyrolytic treatment. Since the diame­
ters of the porous channels decrease with every cycle, it is advisable to reduce 
the viscosity of the impregnating agent with each cycle. 

6.4.3.4 
Electrode Production 

The use of phenolic resins as binders for carbon and graphite materials is con­
siderably more expensive than that of the coal tar pitch frequently used for this 
purpose. The most economical raw materials - including carbon black, coke, 



Fig. 6.230. Microsection of 
impregnated carbon article 
(dark spots aretrapperl 
gas bubbles from the curing 
reactions) (photo: SGL, 
Meitingen) 
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tar, pitch,and some grades of natural graphite- are thus used for large-volume 
commercial products such as carhon anodes for aluminum production or 
graphite electrodes for steel smelting. Since the carhon-hased products manu­
factured using these economical raw materials cost approximately the same as 
phenolic resins, the latter are generally not used for production of such mass 
articles. 

For environmental reasons, for example, in connection with the production 
of electrodes, and for reasons of cost and quality (specifically to reduce the 
consumption of anodes still further), efforts have heen made to replace par­
tially and improve the conventional pitch hinders hy including other carhon 
donors such as phenolic resins, or to upgrade the electrodes hy surface treat­
ment. At the present state of knowledge, the following may he noted with res­
pect to this development: as preliminary trials have shown, partial or comple­
te replacement of the pitch hinder hy phenolic resins is in principle possihle, 
special novolak solutions heing particularly suitahle for this purpose [24]. 

In principle, it is also possihle to use resoles for this purpose, although 
these must he free of alkalis and alkaline earths. The use of resoles offers the 
advantages that the cold mixing method could he used, and that carhonization 
would he complete at ahout 850 oc. Emissions of aromatics fall to 20% or less 
of those experienced with pitch hinders. Polycyclic aromatics only occur intra­
ces in the pyrolysis emissions, if any are present. The fraction of hinder may he 
decreased somewhat helow the level used in the case of pitch hinders; it is pos­
sihle that a slight change in the particle size distrihution of the selected coke 
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may be necessary, and special attention must be paid to the mixing sequence, 
as in the manufacture of refractories. 

6.4.4 
Glassy Carbon (Polymerie Carbon) 

The engineering material glassy carbon is obtained by pyrolysis of ultrapure 
resins. Glassy carbon is a distinctive pyrolysis product of cured phenolic ( or in 
some cases furan) resins, and exhibits a highly refined range of properties 
including thermal resistance to temperatures of up to 3000 °C, a low specific 
gravity, high alkali resistance, gas permeability, and biocompatibility, the lat­
ter allowing it to be used for implants in the human body. In the very precise­
ly controlled pyrolysis process, liquid resins such as hexa-containing phenolic 
novolaks or phenolic resoles in furfuryl alcohol are cast in molds or solid 
resins (filler-free molding compounds) shaped by pressing or transfer mol­
ding. The castings or moldings are then cured, and finally subjected to special 
pyrolysis to obtain pure carbon [ 1-7]. 

The manufacturing process used to produce glassy carbon may be broken 
down into the following stages: 

1. Shaping of the liquid phenolic resins (or of a filler-free phenolic novo­
lak/hexa injection molding compound) 

2. Curing and post-curing 
3. Solidphase pyrolysis at temperatures up to 1000 °C, or if appropriate up to 

3000 oc for high-temperature treatment 

Phenolic resins are particularly well suited for this application since they 
afford a high ( 60-70%) yield of carbon on pyrolysis, based on the cured start­
ing material. In general, highly crosslinked aromatic polymers such as poly­
phenyls, polyimides, and epoxy formulations can also be considered. Typical 
methods in phenolic resin processing such as casting, transfer molding, injec­
tion molding, centrifugal casting, and hot pressing - identify phenolic resins 
as a convenient and versatile precursor to glassy carbon [8]. 

After it is shaped and cured, the resin object may be machined. The mold­
ing is pyrolyzed at temperatures below 600 oc at a heating rate of 1-5 oc per 
hour. Considerable loss in mass and shrinkage (see Fig 6.195,p. 416) takes pla­
ce over this range of temperature (Fig. 6.231). The dimensional change (linear 
shrinkage) in unpyrolyzed shaped articles can amount to araund 25o/o; the 
objects undergo about So/o expansion during further high-temperature treat­
ment at temperatures up to 1000°C or 3000°C (Fig. 6.232). The rate at which 
the temperature is increased during pyrolysis depends on the speed at which 
the pyrolysis products (cf. section on pyrolysis of phenolic resins, Sect. 6.4.1, 
p. 417 pp) diffuse out of the mass. Several weeks are required in the case of wall 
thicknesses amounting to several millimeters. 

The lengthy period of heat treatment represents the reason why the wall 
thickness of glassy carbon articles is generally limited to 4 mm. Amorphaus 
(polymeric) carbon is formed during pyrolysis; in cantrast to graphite, this 
material consists of hexagonal microcrystalline layers that are not aligned in a 



Fig. 6.231. Loss in mass and 
shrinkage du ring pyrolysis 
(from [2]) 

Fig. 6.232. Dimensional 
change of moldings during 
thermal treatment (1.25 
resin matrix, l Sigradur® K, 
1.05 Sigradur G) (from [2]) 

6.4 Intermediate and Carbon-Forming Bonding 453 

50 

40 

~ 
~ 30 
.r: 
(/) 20 

*' 
10 

10 

vr 
~olum~tric 

I r inkye -
-

I 
IJ; 
~ 

shrinkage - -

V 
/_ 

V 

/ 
V 

200 400 600 800 1 000 
Tamperature ·c 

regular manner over wide areas, but form a polymer-like nodular structure 
(Fig. 6.233) and are thus amorphous as a whole. Due to this structural arran­
gement, the apparent density is only 1.5 g/ cm3, and glassy carbon features rela­
tively low electrical and thermal conductivity. 

Glassy carbon is macroscopically free of pores. However, voids exist between 
the hexagonal graphite nodules or graphite layers, and can exhibit pore diame­
ters of 1-3 nm as in the case of glasses. Glassy carbon exhibits extraordinarily 
high resistance to corrosion by acidic and alkaline reagents and melts, and is 
only attacked by oxygen and oxidizing substances at temperatures above 550 °C. 

The higher the temperature at which heat treatment is carried out, the great­
er the resistance to oxidizing reagents such as nitric acid, perchloric acid, or oxy­
gen. The applications of glassy (polymeric) carbon follow from its properties. 
This engineering material is resistant to corrosion, impermeable to gases and 
liquids, and resistant to temperatures up to 550 °C in air and up to more than 
3000 oc in vacuum or in the presence of inert gas. This tough, hard material is 
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Fig. 6.233. Structural model 
of glassy carbon by Jenkins 
and Kawamura (from [8]) 

resistant to thermal shock, exhibits high permanent strength, an excellent sur­
face quality, high chemical purity, and is resistant/inert in contact with biologi­
cal systems. The main applications are in laboratory and chemical engineering 
equipment as well as medical and dental inserts (Fig. 6.234). Thus,glassy carbon 
is well suited for construction of laboratory equipment such as crucibles 
(Fig. 6.235), tubes, and test tubes; other applications include casting molds, 
implants, electrodes for electrochemical processes, and heart pacemakers [9]. 

Fig. 6.234. Glassy carbon 
crucible for dental work 
(photo: HTW, Meitingen) 

Fig. 6.235. Glassy carbon for 
various applications such 
as crucibles and beakers used 
in laboratory work (photo: 
SGL, Meitingen) 
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Pyrolysis of phenolic resin foam ( see Insulation chapter, Sect. 6.1.2.2) yields 
porous glassy carbon that can be an ideal material for insulation at tempera­
tures up to more than 3000°C [10]. Fibrous glassy carbon maybe obtained by 
pyrolysis of phenolic resin fibers [ 11]. Such fibers can be used for products 
such as heat-resistant protective clothing [12]. 

6.5 
The Chemically Reactive Bonding Function 

6.5.1 
Summary: Epoxidation, Alkoxylation, Polyurethane 

The chemically reactive bonding function (Fig. 6.236) allows phenolic resins 
to be transformed into compounds of other important synthetic classes and 
enables products with other functional groups to be produced from phenolics 
(see Chemistry, Reactions, Mechanisms chapter 2). For example, the phenolic 
hydroxyl groups of phenolic resins can be ethoxylated. Raw materials for ten­
sides used in tertiary petroleum recovery are obtained in this manner. Epoxi­
dized novolaks are important raw materials used to manufacture epoxy injec­
tion molding compounds used to encapsulate components such as transistors, 
microprocessors, capacitors, and diodes, or to produce high-performance 
commutators. Moreover, ortho-condensed phenolic resoles can be reacted 
with 4,4' -diphenylmethane diisocyanate to yield polyurethane systems whose 
additive curing mechanism in their use as faundry binders (PUR "cold box" 
gas curing process) is spontaneously accelerated by the presence of gaseaus 
amines. These three application systems, all of which make use of the chemi­
cally reactive bonding function, are described in the chapters on additives 

Fig. 6.236. Epoxidation - alkoxylation 
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in petroleum production (tensides) (Sect. 6.2.4), molding compounds, Sect. 
6.1.3.11, and foundry binders Sect. 6.2.1.7.1. Another chemical end use is the 
application of p-alkylphenol novolaks as "acidic" dye developers in production 
of carbonless copy paper and thermography. Both techniques are similar 
mechanistically in the development of an image or color formation. 

6.5.2 
Alkylphenol Resins as Dye Developers for Carbonless Copy Paper 

Alkylphenol resins based on tertiary butyl, octyl, nonyl, or phenylphenol can 
be used as developers for carbonless copy paper. Due to the large number of 
2,2' -methylene bridges, the acidity of these alkylphenol resins is higher than 
in unsubstituted novolaks. In this application, the phenolic resins possess a 
chemically reactive bonding function in their use as acidic components [ 1 - 5]. 

Carbonless copy paper generally consists of two or more sheets of paper 
(Fig. 6.237). Carbonless copy paper is the standard type of a paper in which the 
reverse side of the paper substrate can be treated with a "CB" coating contain­
ing one or more microencapsulated dye precursors. Two dye precursors, for 
example crystal violet lactone and N-benzoylleucomethylene blue, are gene­
rally used in most commercial papers [6]. These dye precursors are dissolved 
in high-boiling hydrocarbons. Crystal violet lactone develops a blue shade 
within seconds, but this is not very persistent; on the other hand, the devel­
oping time of N-benzoylleucomethylene blue is much longer, but this com­
pound affords a considerably more permanent color shade. The front side of 
the paper substrate is coated with a "CF" layer containing one or more dye 
developers. Both the dye precursor and the dye developer are transparent in 

Top 

CCP Construction 
Transfer System: 3 Part Form 

l CB- Coated Back ~ Base Paper 

8888888 8881;:._ Microcapsule 

Mlddle I : ; . Coated Fmot.od Baok 

••••••• 
------ :R••Jn& I Pigment 

(I • Microcapsule 

p~O!!!!!!!!!!!!I!!F!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!: -- Resi n & 
Bottom I CF- Coated Front l_ Pigment 

Base Paper 

Fig. 6.237. Carbonless copy paper construction: transfer system, three-part form (photo: 
Schenectady International Inc.) 
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Fig. 6.238a-c. Scanning electron micro­
graph of capsules on the reverse side of a 
top sheet: a gelatine microcapsules ftlled 
with color form er solution on the reverse 
side of the top sheet; cellulose pulp acts as 
a separator (scale 1: 350); b individual 
microcapsules made of an acrylate copoly­
mer and filled with color former solution 
on the reverse side of the top sheet; cellu­
lose pulp as a separator (scale 1: 250); c the 
capsules shown in the center following 
the wri ting process ( scale 1 : 500) ( from [ 6]) 

the formulation present in the coatings on the reverse side of the first sheet 
and front side of the next. This applies until the CB and CF coatings are 
brought into contact and pressure applied, for example by a typewriter, which 
ruptures the microcapsules in the CB layer and liberates the dye precursor 
(Fig. 6.238). The dye precursor then comes into contact with the CF coating, 
and reacts with the dye developer to form the image [7 -12]. 

Self-contained CCP papers (Fig. 6.239), in which only one side of the paper 
substrate is coated, are presently commercially available. In this case, the 
microcapsules containing the dye precursor are also ruptured when pressure 
is applied, and the dye developer, for example, an alkylphenol novolak, reacts 
with this to form a copy image (Fig. 6.240). Self-contained paperalso relies on 
a chemical, color developing reaction between a microencapsulated leuco dye 
and a dye developer, which is usually an acidic substance. lt differs from the 
transfer type paper in that the microencapsulated dye and dye developer are 
both coated on the same surface. 
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CCP Construction 

Plain Paper 

Fig. 6.239. Carbonless (self-contained) copy paper construction (photo: Schenectady Inter­
national Inc.) 

Fig. 6.240. Scanning electron 
micrograph of the dot of 
an "i" produced by pressure 
on carbonless copy paper 
(photo: BASF, Ludwigshafen, 
Germany) 

The back of a self-contained sheet can also be coated with a layer of micro­
capsules (CB), thus allowing the sheet tobe used with additional sheets of CF 
or CFB paper in a multi-part form. 

Self-contained paper is most often used in applications where the top sheet, 
or the original, is plain papersuch as security paper for banks. 

Microcapsules of gelatin or synthetic polymers serve the primary mecha­
nical function of isolating the color formers (also called "leuco dyes" or dye 
precursors) from the color developer before being used. 

Current [2] dye developers in use (Table 6.123) include: 

1. Acidic clays such as high-montmorillonite grades ofbentonite,in which the 
color-developing activity of the clay is often activated by treating it with a 
minerat acid. 

2. Synthetic phenolic resins that are specifically designed for carbonless copy 
paper applications, and can represent non-chelated or chelated types. 
Among the earliest resins (novolaks) used for this purpose were those 
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based on p-phenylphenol. These were an improvement over the use of 
acidic clays with respect to the maisture sensitivity, and afforded an image 
with improved fading resistance (especially in the case of crystal violet). 
The high cost of p-phenylphenol and the quest for even better reactivity 
and image fading resistance led to the development of alkylphenol resins 
complexed or chelated with zinc. Current versions of these products are 
available in a pre-dispersed, fine particle form ready to use in a CF coating 
formulation. 

3. Synthetic, non-polymeric compounds based on salicylic acid. As in the case 
of the novel phenolic resins described above, the salicylic acid functional 
group is reacted with zinc to form a stable chelate or complex. 

Due to the advantages of the alkylphenol resin-based dye developers (cf. 
Table 6.123), these have displaced the acidic clays in the United States and 
Southeast Asia, and to some extent in Japan and Latin America as weil. The 
advantages of the salicylates over phenolic resins are not so great as to justify 
the higher price for all applications. Thus, the main markets for zinc alkyl­
salicylates used in carbonless copy paper are presently in Japan and to a limit­
ed extent in Europe. 

Table 6.123. Comparison of types of dye developers for carbonless paper (from [2-4]) 

Property Acid clays Phenolic resins Zinc salicyliates 

Coating rheology Fair to poor Good Good 

Coatweight High (5-6 gsm) Low(3-4gsm) Lowest (theoretically) 

Coating types Aqueous Aqueous, solvent, Aqueous, solvent, print-on 
print-on 

Color development Adsorption Adsorption & solution Adsorption & solution 

Moisture resistance Sensitive Not sensitive Not sensitive 

Fade resistance Fair to poor Good Fast 

Imagespeed Fast Medium to fast Fast 

Background None Slight Slight to none 
yellowing 

Abrasiveness Medium to high Low High 

6.5.2.1 
Thermography 

Thermography imaging processes were initiated in the 1950s and pioneered 
by the efforts of Ricoh of Japan. As it was mentioned earlier, the same imaging 
characteristics apply in thermography as carbonless copy paper or pressure 
sensitive recording. Printing paper is coated with both a leuco dye ( chromo­
genic dye) and an acid developer such as diphenols, salicylic acid derivatives. 
Color development occurs by the application ofheat from a print head that can 
be a simple stylus to a solid state shaped silicon element. The desired reaction 
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takes place preferably at 65-120 °C. Papers that are able to record at lower tem­
peratures are known as high sensitivity papers and contain developers which 
possess lower melting points. 

Uses include computer printers/word processors, X-Y plotters, printing cal­
culators/adding machines, medical!scientific recorders, fax (facsimile) ma­
chines, tag, label, and barcode printers. 

6.5.3 
Antioxidants/Stabilizers 

6.5.3.1 
lntroduction 

The attractive polymer additives market is valued at $16 billion (1996) world­
wide with a favorable global outlook. Asia is currently leading the way in con­
sumption and growth. Global growth is expected tobe 3- 5 o/o annually into the 
next century. The antioxidants/stabilizer segment of the additives market 
represents about 20% of the total market or over $3 billion worldwide with 
growth projected at 4-5 o/o annually. The burgeoning growth of thermoplastic 
resins, ruhher compounds, and petroleum products since the 1940s has been 
responsible for the myriad types of antioxidants/stabilizers that are available 
today. The utility of phenolics as antioxidants resides mainly with hindered 
monomerk phenols or polyhydroxy aromatic compounds and rarely resins. 

The pervasiveness of atmospheric oxygen is responsible for the facile oxi­
dative degradation of organic compounds. Hence materials must be stabilized 
against this intrusion of oxygen. Materials such as polymeric products, ruhher 
compounds, petroleum products, and foods/beverages require stabilization. 

6.5.3.2 
Types of Antioxidants/Stabilizers 

These stabilizers, commonly referred to as antioxidants [I] can be naturally 
occurring products or synthetic materials. 

6.5.3.2.1 
Natural Antioxidants 

ß-carotene 
a- tocopherol 

6.5.3.2.2 
Synthetic Antioxidants 

- Hindered phenols 
- Secondary aromatic amines 
- Special sulfide esters 
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- Trivalent phosphorus compounds: phosphites based on phenolic derivatives 
- Rinderedamine light stabilizers (HALS) 
- Metal dithiocarbamates/thiophosphates 

6.5.3.3 
Classification of Antioxidants/Stabilizers 

A further classification of antioxidants distinguishes them as primary and 
secondary stabilizers [2]. 

6.5.3.3.1 
Primary Antioxidants 

Primary antioxidants are capable of functioning alone and consist of bindered 
phenols, aromatic amines, HALS, and metal dithiocarbamates/thiophosphates. 

6.5.3.3.2 
Secondary Antioxidants 

Secondary stabilizers are phosphites and sulfide esters and are combined with 
primary antioxidants. Antioxidants based on phenolic derivatives (hindered 
phenols and phosphites with phenolic substituents) maintain a significant 
share of the antioxidant market. 

Zweifel recently reviewed most antioxidants/stabilizers in a 1997 publica­
tion [3]. 

6.5.3.4 
Mechanism of Oxidation 

The mechanism by which oxidation (autoxidation) of an uninhibited organic 
material (RH) occurs is by a free radical chain reaction: 

1. Initiation: 

RH ---7 R·, ROO·, HO· 
ROOH ---7 RO· + ·OH 
2ROOH ---7 RO· + ROO· + H20 
ROOR ---7 2RO· 

This occurs with oxygen sensitive materials such as unsaturated products 
(fats, oils, rubber) or during thermally stressing polymers (compounding, 
extrusion, molding) or UV /light induced stresses. 

2. Propagation: 

R· + 0 2 ---7 ROO· 
ROO· +RH ---7 ROOH + R· 

The rate of oxidation follows allyl H > tertiary H > secondary H > primary H 
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3. Termination: 

2R· ---7 R-R 
ROO· + R· ---7 ROOR 
2 ROO· ---7 other products 

Termination occurs when 0 2 concentration is very low, such as diffusion of 0 2 

in thick molded parts or when radicals combine resulting in crosslinking or 
disproportionate into low MW fragments. 

Use of radical scavengers or H donating antioxidants (AH) such as hinder­
ed phenols or secondary aromatic amines inhibits oxidation by reacting with 
peroxy radicals where rate of AH is much faster than the reaction of ROO· with 
organic materials. 

6.5.3.5 
Effect of Antioxidants/Stabilizers 

Various antioxidants are effective in terminating autoxidation. 

6.5.3.5.1 
Hindered Phenols ond Secondory Aromotic Amines 

Thesematerials (AH) arehydrogen donating antioxidants and terminate radi­
cal chain reaction by: 

ROO· + AH ---7 ROOH + A· 

whereA· is 

• 
0 

(H3C>acyYc(CHa>a y 
CH3 

or o-~-o 

Reaction of AH with ROO· is much faster than reaction of ROO· with RH. 

6.5.3.5.2 
Trivalent Phosphorus Compounds 

Phosphorus compounds such as phosphites or phosphonites react with pero­
xide derivatives: 

(R0)3P + ROOH ---7 (ROhPO +ROH 

6.5.3.5.3 
Hindered Amines (HALS) 

These are classified as light stabilizers rather than antioxidants and are de­
rivatives of 2,2,6,6-tetramethyl piperidine (I) 
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HALSare highly effective stabilizers for polymers and function in the fol­
lowing manner: 

>NH + 0 2 ~>NO· 

>NO·+ R· ~ >NOR 
>NOR+ROO· ~ >NO+R=O+ROH 

HALS terminates propagating reactions by reacting with alkyl and peroxy 
radicals. 

Antioxidants are used in low amounts, - 0.01-0.05 wto/o, in saturated ther­
moplastic polymers while high er concentrations, 0.5- 2 wt%, are required for 
unsaturated elastomers and blends with polybutadiene (ABS, etc.). 

6.5.3.6 
Market Areas 

6.5.3.6.1 
Food/Beverages 

Antioxidants traditionally used in food products containing fats and oils 
to prevent spoilage or rancidity due to oxidation consist of naturally aceur­
ring a-tocopherol, ATP, II, as well as four phenolic substituted products: 
BHA (butylated hydroxy anisole) III, BHT (butylated hydroxy toluene or 
ditertiary butyl cresol) IV, TBHQ (tert-butyl hydroquinone) V, and PG (propyl 
gallate) VI: 

H 
H3CVN CH3 HO 
H3C CH3 

OH 

~C(CH3)a 

y 
OCH3 

III BHA 

OH 

Q-C(CH,), 
OH 

V TBHQ 

II ATP 

OH 

(H3C)aC~C(CH3b 

y 
CH3 

IV BHT 

OH 

HO~OH 

y 
COOC3H7 

VI PG 

Antioxidants are FDA approved and are used at less than 200 ppm. 
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6.5.3.6.2 
Petroleum Products 

Fuels 

Fuels contain some unsaturated hydrocarbons and undergo oxidation on 
storage. Continuing oxidation leads to color development followed by the 
formation of gums and residues. The latter are extremely troublesome to fuel 
supplying components like carburetors. Hindered phenols such as BHT and 
2,6-ditertiary butyl phenol are used at low levels, 5-10 ppm, and provide 
excellent storage stability. 

Lubricating Oils 

These materials are used in jet engines, turbines, crankcases of automobiles, 
etc. and are stabilized with hindered phenols, or secondary aromatic amines 
or hindered phenols combined with metal dithiophosphates. 

Computer simulation studies [ 4] have been developed to model the rela­
tionship of the base oil composition (hexadecane/tetralin-model oils) and 
antioxidant consumption through the inhibition of oxidation. 

6.5.3.6.3 
Rubber Compounds 

Unsaturated materials (elastomers, rubbers) are more easily oxidized, and 
hence a higher concentration of antioxidant is required to minimize oxida­
tion. Hindered phenols combined with phosphites or aromatic amines are 
suitable stabilizer systems. 

6.5.3.6.4 
Polymerie Materials 

Most commercially available organic polymers are susceptible to oxidative de­
gradation during processing and the lifetime of the fabricated object. The intro­
duction of antioxidants/stabilizers allows these polymerk materials to retain 
their physical properties and ensure reasonable service life during storage and 
ultimate use. The explosive growth of thermoplastic materials from the 1940s 
to the present has fostered the large stabilizer market of hindered phenols, 
alkylaryl amines, phosphites, thioesters, acids, quinolines, alkylated phenols, 
and other antioxidants. It has evolved into a "quality additive" market area. 

Structures of some recent hindered phenols are shown: 

C(CH3)a 

HO*CH,CH,CO,C,,H~ 
C(CH3)a 

VII 

[HO~CH,CH,CO,CH,JC 
C(CH3)a 4 

VIII 
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R 
H3C~CH3 

RVR 
CH3 

IX 

Studies [3] have shown that VIII significantly outperforms both BHT (IV) 
and VII, providing excellent long term thermal stability to polypropylene 
homopolymer at 135 °C. 

Synergistic effects or combining primary and secondary stabilizers, are 
noted between hindered phenols and thioether esters. By incorporating a 
thioether substituent into a phenolic compound (X), intermolecular coope­
rative effect of phenol with the thioether substituent in the ortho position 
provided extended processing of polybutadiene in a Brabender kneader at 
160 oc [3]. 

OH 

H3CACH2SCaH17 

y 
CH3 

X XI 

Similarly synergist effects (primary combined with secondary) occur when 
hindered phenols are combined with aryl phosphites. Thus hindered phenol 
VIII with phosphite XI provided moderately constant melt flow of polypropy­
lene homopolymer after five consecutive extrusions. 

A new secondary antioxidant XII of the phosphite family was recently 
introduced [5]. The novel phosphiteexhibitshigh resistance to hydrolysis and 
less yellowing in polyolefins when combined with hindered phenol. The pres­
ence of amino ester group facilitates metal deactivation of potentially harmful 
metal ionic polyolefin catalysts. It is effective for polyolefins, olefin copoly­
mers, polycarbonates, and polyamides. 

Novel butyl ethyl propanediol component introduced into phosphites as 
secondary antioxidants provides superior hydrocarbon solubility and im­
proved handling (XIII) [6]. 

xn Xßl 
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UOP Guided Wave Systems (EI Dorado Hills, CA.), through their fiber optic 
"in line" process capabilities, have developed a UV fiber optic spectroscopy 
method for online monitoring of bindered phenols and phosphites in poly­
propylene. The method provides successful measurement of these antioxi­
dants even in the presence of potential interferents [7]. 

6.5.3.7 
New Developments 

Factors which must be considered in the development of improved and new 
antioxidants are low volatility, low extractability, low color development, ther­
mal/UV stability, non-toxicity, and when necessary, FDA approval. 

6.5.3.7.1 
Polymer Bound 

Stabilizers which are highly soluble in resins and exhibit very low extractibili­
ty are attached to polymers. Several of these "polymer bound" stabilizers are 
being commercialized. Polysiloxane bound UV stabilizers and phenolic anti­
oxidants are reported [8] to be highly compatible with polypropylene and 
highly resistant to extraction. 

6.5.3.7.2 
Benzotriazole Types 

A different method requires the use of a reactive UV stabilizer that copoly­
merizes with a variety of vinyl monomers and does not contribute to colora­
tion of the resulting polymer [9]. 

XIV 

XVI 
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The benzotriazole (XIV) on copolymerization is nonvolatile, nonmigra­
tory, and non-blooming. 

Another benzotriazole material (XV) proposed as a UV light stabilizer 
exhibits extremely high temperature stability (1 wto/o loss at 324 °C) [10]. XV is 
non-migrating with long term stability, and developed for high performance 
engineering thermoplastics such as polysulfone, polycarbonate, etc. 

Coupling the benzotriazole functionality with benzophenone has resulted 
in a high temperature UV stabilizer (XVI) [ 11]. 

6.5.3.7.3 
Triozine 

An added feature of new UV stabilizers developed for engineered thermo­
plastics such as polyesters, polyamides, polycarbonates, and polyacetals is 
their high extinction coefficients in the spectral range up to 400 nm and 
their absorbtion of the UV portion of sunlight. Triazine compound XVII 
exhibits significantly Ionger life time in engineered thermoplastics than 
2-(2-hydroxyphenyl) benzotriazole and 2-hydroxy benzophenone. 

6.5.3.7.4 
Loctone/Hydroxy/omine 

~OH 
N"' N 

~·~ 
XVII 

Recent efforts involving non-phenolic derivatives consist of improved stabil­
izers based on lactone and hydroxylamine functionalities. Both are reported to 
be effective scavengers of alkyl radicals and prevent autoxidation at an early 
stage. 

6.5.3.8 
Summary/Trends 

Susceptibility of organic compounds to atmospheric oxygen requires stabi­
lization to counteract autoxidation. Rinderedphenols are known to inhibit the 
free radical chain reaction occurring during autoxidation. As a primary anti­
oxidant or combined with secondary antioxidant (phosphite or metal di­
thiophosphates), bindered phenols maintain a large segment of the anti­
oxidant/stabilizer market. 
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New types with phenolic substituents are polymer bound, benzotriazole, 
and triazine types. Non-phenolic types include Iactones and hydroxylamines. 

Continuing research in developing antioxidants for a range of polymers 
from the commodity types (polyolefins, vinyl polymers, etc.) as weil as the 
newly commercial engineering resins will result in continued improvements 
in antioxidants in addition to new materials. These anticipated future de­
velopments are expected to improve performance and productivity in poly­
propylene, demanding polyethylene applications, and other resin systems 
that require high temperature processing, high shear rates, high melt viscosi­
ty, or long melt residence tim es. 
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CHAPTER 7 

Chemical, Physical and Application Technology 
Parameters of Phenolic Resins 

7.1 
lntroduction (Purpose and Objective) 

Testing or identification of phenolic resins in principle differentiates these 
according to quality guidelines - whether a stipulated specification is met - or 
by their classification and suitability for certain uses or in specific fields of 
application. The form er type of testing is carried out in modern quality and/or 
production control facilities at the manufacturer and the customer. Testing in 
the areas of application technology, research, and development may be seen as 
a determination of parameters according to application-specific aspects. 

Such product testing should be highly practice-oriented, since the test cas­
cade ends with, or centers directly on, further industrial processing. For this 
reason, the selection of resin or hinder parameterstobe monitored by con­
stant quality control - whether in received goods or final product testing - is 
made to ensure that these are matched as closely as possible to the application 
and further processing needs (shown in the form of a diagram in Fig. 7.1). 

Development 

Res in 
Producer 

Production 

A = Chemical + Physical Data (Wide Range) 
B = Practice-Relevant Application Testing 
B' = lndustrial Testing 
C = Selection of A 
D = Supplementary Testing 

A B 

Technical Testing 

Quality Control 

1-----,---------j c 
Shipping Receiving 

B' 

lndustrial Testing 

Derived Product 
Manufacturer 

Production 

Fig. 7.1. "Test cascade" for quality and suitability testing of phenolic resins 
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Nowadays, such testing must additionally be considered within the guide­
lines of quality assurance (QA) certification as specified in ISO 9001 and sub­
sequent standards. The significance of quality control (Fig. 7.1) is parti­
cularly great in "just-in-time" deliveries where the customer- in agreement 
with the resin supplier - completely omits received goods quality control, 
or only carries out point analyses or determinations on randomly selected 
samples. 

The final consequence is that chemical and physical tests of a resin should 
only be carried out using reliable and standardized test methods. "Reliable and 
standardized" means that a procedure has been tested and verified by means 
such as cooperative testing in multiple laboratories (best done international­
ly, for example under the auspices of the International Standards Organization 
= ISO), and that its reproducibility and comparability have been estimated by 
mathematical error analysis. 

Standards should best be operator-independent. The fact must be consider­
ed that in-hause methods or individual standards for phenolic resin test pro­
cedures have meanwhile existed in Germany, and similarly in the USA, Great 
Britain, Japan, and other countdes for nearly 90 years (since Baekeland's dis­
coveries and inventions), butthat a centralized selection of these under DIN 
and their translation into ISO and recently into CEN (for Europe) standards 
has only taken place within the past two decades. It is by no means self-evident 
that such standards are presently accepted without alterations by either the 
phenolic resin manufacturers or their customers. This is a gradual process, 
although it is promoted by progressive ISO 9001 ff certification. 

Supplementary procedures based on modern analytical methods exist in 
addition to the common chemical and physical test methods listed mainly in 
ISO 10082. In this case, we refer to detailed tests for quality determination 
and substance identification. Structural analysis of phenolic resins must be 
considered separately, since other - generally research-related - Standards 
apply in that case. Finally, application technology tests matched to the prac­
tical use join the array of procedures. Table 7.1 provides an overview of this 
situation. 

Taken together, this means that application technology tests must be used 
in addition to chemical and physical quality testing both to support applica­
tion-related development of a new product, and to monitor the properties of 
sales products. 

Table 7 .1. Classification of test methods for phenolic resins 

Testgroup Basis Examples Users 

Standard chemical ISO 10082 Viscosity by various Development and 
and physical testing methods production 

2 Quality control ISO 10082 Höppler viscosity Production control 

3 Supplementary tests Modern analysis Gel chromatography Development and 
application research 

4 Application testing Specific methods Impregnation Application research 



490 7 Chemical, Physical and Application Technology Parameters of Phenolic Resins 

7.2 
Standard Chemical and Physical Tests 

In some cases, the tests carried out in phenolic resin chemistry and in pro­
duction/quality monitaring are based on long-standing procedures. In addi­
tion, modern methods have been adopted or basically familiar test procedures 
adapted to conform to the findings of modern analytical technology; three 
basic principles have been observed in this development: 

1. The test procedure should be operator-independent (a requirement that 
cannot always be met) and highly reproducible, i. e., verified by cooperative 
testing (Round robin testing). 

2. The test technique should be rationalized to the greatest possible extent to 
avoid burdening the product with unnecessary costs in the case of quality 
monitoring. 

3. The test data should ideally bear a relationship to the later use (Table 7.2). 

Methods such as fully automatic viscosity measurement, automatic Operator­
independent gel time determination, automatic potentiometric titration and 
fully automatic gas chromatographic determination of residual phenol have 
thus been introduced. Efforts are also in progress to replace the mechanical, 
point screening technique for determination of the particle size distribution 
of powder resins by test methods based on the use of laser technology. 

Table 7.2. Relationships between test methods and applications (examples) 

Test method 

Gel time 

Nonvolatiles 

Water miscibility 

Electrical conductivity 

Residual monomers 

Thermogravimetry 

Viscosity 

Screen analysis 

Specific surface area 

Flow distance 

Moisture determination 
(K. Fischer method) 

Field of application Effects in which area 

Coated abrasives, Iaminates Adjustment of curing conditions 
etc. 

Coatings resins, Iaminates 

Coated abrasives 

Electricallaminates 

All applications 

Refractories, carbon materials 

Foundry, refractories 
processing 

Powder resins for various 
applications 

Powder resins for grinding 
wheels 

Friction linings, grinding 
wheels 

Powder resins for various 
applications 

Concentration, final properties 

Processing and viscosity 
adjustment 

Disturbances due to electrolytes 

Environment and workplace 

Carbon Ievel in final product 

Product transfer, mixing for 

Uniformity in processing 

Absorption capacity for liquid 
resm 

Melting and curing behavior 

Storage life, processing 
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Table 7.3. Physical methods for liquid and solid (powdered) phenolic resins 

Resin (solid or liquid) 

Solid 
Powder 
Powder 
Liquid 
Liquid 
Liquid 
Liquid 
Liquid 
Liquid 

ISO Standard 

ISO 3146A 
ISO 8620 
ISO 60 
ISO 2811 
ISO 3675 
ISO 9371 
ISO 8975 
ISO 9944 
ISO 8989 

Test method 

Melting range, capillary method 
Sieve analysis of powdered resins 
Determination of apparent density 
Density (pyrometer method) 
Density (hydrometer method) 
Determination of viscosity ( 4 methods) 
pH-value 
Electrical conductivity 
Miscibility in water 

Table 7.4. Chemical methods for liquid and solid phenolic resins 

Resin (solid or liquid) 

Solid (powder) 
Solid and liquid 
Liquid 
Liquid and so rid 
Liquid 
Liquid 
Liquid and solid 
Solid (powder) 
Solid and liquid 
Solid and liquid 

ISO standard 

ISO 8619 
ISO 8987 
ISO 9396 
ISO 11409 
ISO 9771 
ISO 8618 
ISO 11402 
ISO 8988 
ISO 760 
ISO 3451-1,A 

Testmethod 

Flow distance on a glass plate 
Reactivity on a B-transformation test plate 
Geltime under specific conditions 
Temperatures of reactions by DSC 
Acid reactivity of phenolic resins 
Non-volatile matter 
Free formaldehyde (3 methods) 
Hexamethylenetetramine content 
Water content (K. Fischer) 
Ash content 

The present basis for standard chemical and physical tests is mainly repre­
sented by the ISOstandards listed in overview standard ISO 10082 (Tables 7.3 
and 7.4). 

7.3 
Description of Physical and Chemical Test Methods (ISO 10082) 
and Their Significance [1, 2] 

ISO 10082 provides an overview of test methods used to investigate phenolic 
resins. The ISO regularly revises this standard at five-year intervals. Apart 
from various other national Standards, the basis for ISO 10082 was mainly 
DIN 16916, Parts 1 and 2, the first complete standard on test methods for 
determination of phenolic resin parameters prepared in 1979 by the DIN stan­
dards committee. The ISO standard added procedures for use ofliquid and gas 
chromatography as well as differential scanning calorimetry (DSC). The appli­
cation of laser technology to determination of the particle size distribution 
will similarly be mentioned there in the future. 

ISO 10082 includes brief descriptions to provide an overview of the 
methods mentioned below. 
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7.3.1 
ISO 3146, Melting Range, Melting Behavior 

In ISO 3146, Method A (capillary method), a sample of resin is heated at a de­
fined rate in a capillary and its physical behavior observed. Since phenolic 
resins represent mixtures of generally oligomeric condensates of phenol and 
formaldehyderather than chemical compounds in the usual sense, they gen­
erally exhibit a wide melting range when heated, from the point at which they 
soften to that at which they melt, rather than a precisely defined "melting 
point." This melting range can thus bracket the temperatures from the sin­
tering ( or bonding) point up to the beginning of the molten state. Definition 
of the visible change in state is difficult at times. In general, the first visible 
change is defined as the "sintering point:' In the molten state ( at the "melting 
point"), the phenolic resin is either completely liquid, becomes translucent, or 
separates from the capillary wall. Due to these circumstances, application of 
this method requires experience and a knowledge of the product. The melting 
range of powder resins is affected by their moisture level. It is thus advisable 
to agree on drying conditions (for example 48 h drying over P20 5) for com­
parative determinations. 

There has been no lack of experiments directed toward determination of 
the melting behavior in an operator-independent manner. Substitution of the 
capillary method by thermoanalytic measurements (DTA, DSC) is only possi­
ble to a limited extent since the latterare relatively time-consuming. In additi­
on, the glass transition and softening ranges frequently overlap when DTA or 
DSC are used, precluding a clear result in such cases as well. "Softening point" 
determinations with photometric detection may be used for plant measure­
ments, but must generally be considered highly product-specific. The same 
applies to "sticking point" determinations on the Kofler apparatus. On the 
other hand, it has been repeatedly found that "capillary melting point" deter­
minations exhibit adequate reproducibility if carried out by experienced per­
sonne!. 

7.3.2 
ISO 8620, Screen Analysis with the Air Jet Screen and Particle Size 
Analysis as Specified by ISO 13 320 (Laser Method) 

In principle, the air jet screen (Fig. 7.2) represents a closed container in which 
the powdered resin is placed on a screen and is exposed to a jet of air that 
emerges from a rotating nozzle located beneath the screen. The air is drawn 
through the screen. Common screen mesh sizes are 45 and 90 f.Lill. The para­
meters affecting the determination - aside from the screen mesh size - are the 
level of reduced pressure and the duration of screening. 

Only defined particle sizes (for example, "percentage larger than 45 11m") 
can be determined with the air jet screen. This type of analysis represents a 
point determination and the single result affords no information on the "par­
ticle size distribution:' Approximations of the particle size distribution can 
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Fig. 7.2. ISO 8620-compliant alpine air jet screen (principle) 

only be achieved by analogaus determinations using multiple screen mesh 
sizes. 

The Iaser technique (ISO 13 320) meanwhile makes it possible to determine 
the entire particle size distribution in dispersed wet or dry particle mixtures, 
thus providing a complete overview of all particle sizes and the magnitudes of 
their fractions. Application of the ISO 13 320 procedure [3] to novolak-HMTA 
powder resins by measurement in an aqueous dispersion does not afford a 
particle size distribution comparable with that obtained with mechanical 
screen analysis, since the HMTA is dissolved. However, it is possible to deter­
mine the true particle size distribution of powdered phenolic resins by dry 
dispersion analysis using modern instruments based on Iaser technology [4]. 
Dry dispersion is carried out using regulated inputs of compressed air and 
particles. In this procedure, the sample is dispersed and transported into the 
dry measuring cell by a stream of air. The measurement is highly efficient, and 
can be used in quality control for particle sizes of approximately 0.7 llm and 
above (Fig. 7.3). 
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Fig. 7 .3. Determination of the particle size distribution of two powder resins by the Iaser tech­
nique (a = coarse milling, b = fine milling) 

7.3.3 
ISO 60, Bulk Density 

Determination of the bulk density is particularly used for volume characte­
rization of the unmodified and modified, milled phenolic resins (with added 
hexa) used to manufacture friction linings, grinding wheels, refractories, and 
phenolic resin bonded textile felts (mainly cotton-based materials). Particu­
larly in the case of bonded textile felts, the fabrication lines - for example, 
those using the scatter method - require that the volume of powder necessary 
to achieve a uniform resin level- for example, 30 o/o - in the cured sheet goods 
or special moldings for interior use in autornative construction be as constant 
as possible. 

The following method is used to determine the bulk density. A funnel is 
positioned 20-30 mm above a defined receiver (such as a 100 ml graduated 
cylinder cut off at the 100 ml mark). The outlet of the powder-filled funnel is 
initially sealed. The seal is then removed, allowing the powder to flow evenly 
into the receiver. Excess powder is scraped off the top of the receiver. The con­
tents of the receiver are then weighed. 

The "prior history" of the sample must be taken into account in this deter­
mination method. The finely milled material could have been compacted 
(undesirable for this measurement) by storage and transportation. The prior 
compaction can be largely eliminated by screening the sample prior to the 
determination. 
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7.3.4 
ISO 2811 and ISO 3675, Determination of Density 

The pycnometer (ISO 2811) or hydrometer method (ISO 3675) may be used to 
determine the density of a liquid phenolic resins (in g/cm3) required for 
various calculations, such as the weight of a defined volume. ISO 2811 may be 
used for allliquid resins, whereas ISO 3675 is only applicable to resin with a 
viscosity of less than 1 Pa·s. 

7.3.5 
ISO 2555, ISO 3219, and ISO 12058, Determination ofViscosity 

Three methods are used to determine the viscosity (particularly of solutions, 
but also of melts). It is possible to perform the measurement using a viscome­
ter at a defined velocity gradient, for example, a plate-and-cone viscometer 
(ISO 3219). Such viscometers- particularly the "ICI Viscometer" in Fig. 7.4-
have been found ideal for rapid (direct) determinations of solution viscosities 
and of melt viscosities at elevated temperatures in the production plant. 

Determinations with the Brookfield viscometer (ISO 2555) or Höppler fal­
ling ball viscometer (ISO 12058) are used as comparative measurement pro-

Fig. 7.4. ICI Cone-and-plate 
viscometer for rapid 
viscosity determination 
(photo: Bakelite AG, Iserlohn, 
Germany) 
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cedures. The Brookfield rotary viscometer measures the rotation speed of a 
defined spindie in the liquid. In the Höppler falling ball viscometer, the rate at 
which a ball falls in the liquid test resin is determined. The Brookfield rotary 
viscometer is mainly used (at a measuring temperature of 25 oq in the perti­
nent areas of U.S. industry. Modern falling-ball viscometers operate fully auto­
matically, and are operator-independent. They are fully computerized and are 
mainly used for efficient operation in situations where plant operation re­
quires that large numbers of measurements be carried out. 

The reasons for the wide variety of methods for determination of the vis­
cosity of liquid resins - although the "essence" of standardization is to reduce 
the number of methods for a determination to a single one - are historical in 
nature, but also related to specific applications. As a side note, it may be remark­
ed that the somewhat "unscientific" flow cup method (DIN 53 211 ), in which 
the flow rate of a resin solutionout of a standardized cup is determined, is still 
used in certain industrial areas, for example, by the paint and varnish industry. 
This method has acquired certain "established rights" since it is uncomplicat­
ed and much experience has been gained with it. 

Since liquid phenolic resins and resin solutions frequently represent non­
Newtonian liquids, the same method should, if possible, be used for compara­
tive measurements and the test method ( and temperature) to be used for the 
viscosity should be defined in specifications to avoid discrepancies. 

7.3.6 
ISO 8975, Determination of pH 

The pH of a liquid resin generally has some significance for further proces­
sing. Thus, neutralliquid resins are best used as wetting agents in production 
of wet grinding wheels since the resin bond in the cured grinding shape is sub­
ject to stronger attack by alkali (catalyst in resin production) in the presence 
of the coolant liquid used in wet grinding. Excessively low pH values, or better 
the causes of these, can produce premature post -condensation in phenolic 
resoles or phenolic-modified furan resins, negatively affecting the storage life 
of the resins. It would be possible to cite a wide range of further examples to 
demonstrate the significance of the pH. 

The principle of ISO 8975 isthat the difference in potential between a glass 
electrode and a reference electrode is a function of the solution pH. The poten­
tial differential is measured using a potentiometer. The fact that the pH deter­
mined with a glass electrode represents a measure of the activity rather than 
the concentration of hydrogen ions is noted in ISO 8975. In dilute aqueous 
solutions, the activity coefficient is nearly equal to one, and the difference be­
tween the concentration and activity is small. Liquid phenolic resoles and 
organic solutions of phenolic resins generally contain little water. The dif­
ference between the hydrogen ion activity and concentration can be consider­
able in such cases. No exact relationship between the pH and the alkali content 
exists in the case of alkali-containing phenolic resins (due to phenolate for­
mation). 
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7.3.7 
ISO 9944, Determination of Electrical Conductivity 

The electrical conductivity detects the presence of electrolytes, which should 
be avoided in impregnating resins for paper base electricallaminate. Conver­
sely, a certain degree of conductivity can be desirable when electrostatics 
would not develop in an application. 

The principle of the ISO 9944 determination of electrical conductivity may 
be described as follows. A mixture of acetone and water is added to the resin 
solution. After any possible precipitate has settled, the conductivity of the sus­
pension above the resin is measured. 

7.3.8 
ISO 8989, Water Miscibility 

The water miscibility of aqueous phenolic resins (resoles) can represent an 
important parameter for various reasons. In some processing methods, for 
example, in the base and size coats of coated abrasives, the resins are diluted 
with water. Water miscibility is also a measure of the compatibility of aqueous 
resins with aqueous dispersions (for example, PVA emulsions or latices). 
Moreover, the storage life may be inferred from the change in water miscibili­
ty during storage under certain conditions of temperature (measured over 
time). 

ISO 8989 is applied by determining the quantity of water (as a mass per­
centage) required to produce turbidity (generally at a test temperature of 
23 ± 1 °C) when diluted in the resin. Addition of water is continued until per­
sistent turbidity is observed after stirring the mixture for approximately 30 s. 

7.3.9 
ISO 8819, Determination of the Flow Distance 

The "flow distance" at 125 oc is a measure of the flow properties of a powder 
resin, and provides an understanding regarding the curing characteristics as 
well as the impregnating and melt properties. This method was originally 
developed for use in grinding wheel fabrication (in-house method of Norton 
Co.), and the result also represents an important parameter in production of 
brake linings. In this procedure, the resin melts ( thus including the melt vis­
cosity of the resin in the test), and the flow of the melt is terminated as the phe­
nolic resin system is fully cured. 

Tablets (generally weighing 0.5 g and measuring 12.5 mm in diameter) are 
prepared under defined conditions of the test. The tablets are placed on a 
preheated glass plate, which is then set on a tilting stand in a drying oven at a 
temperature of 125 oc. The tablets remain in a horizontal position in the oven 
for 3 min, and are then tilted at an angle ( 60°) for 20 min. The resin flows down 
the glass plate (Fig. 7.5). The flow distance that results is measured in millime­
ters (for example, 15-20 mm is a "short" and 50-60 mm a "long" flow). With 
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Fig. 7 .S. Schematic flow 
distance device according to 
ISO 8619 

64 

64 

r 
some experience, these data can be related to the production parameters and 
if appropriate to the expected final properties of the grinding wheel or the 
brake lining. The method is highly reproducible and also capable of compari­
son under constant test conditions, but does not represent a substitute for 
measurements of the melt viscosity or curing characteristics if these data are 
required for optimization or evaluation of the production process. The melt­
ing range of a powder resin only correlates with the flow distance when the 
content ofhexa and the percentage of residual phenol in the resins being com­
pared are at the same Ievel in the comparison samples. 

The "flow time" during which the melted resin moves a specific distance (in 
seconds) is measured when the above flow distance method is carried out in 
the absence of a curing agent (novolak powder resin without hexa). This 
method is frequently used as a rapid procedure for determination of the melt 
behavior of novolaks in production of molding compounds or coating of 
quartz sand for the foundry industry. Assuming pertinent product experience, 
this can be used as a rapid method for evaluation of the melt viscosity, but does 
not replace the scientifically founded procedure using a cone-and-plate or 
rotary viscometer. 

7.3.10 
ISO 8987, ISO 9396, and ISO 11409, Measurement of the Cu ring 
Characteristics 

The curing behavior of a phenolic resin represents an important processing 
parameter and provides information on whether a resin system (resole or novo­
lak/hexa) eures rapidly or reacts according to a slower curing mechanism. 
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Fig. 7 .6. Testing of the "B" 
time (ISO 8987, method A). 
This method requires 
experience, but is then quite 
reproducible and is appli­
cable to many phenolic 
resins (photo: Bakelite AG, 
Iserlohn, Germany) 

The procedures described in ISO 8987 and ISO 9396 determine the reaction 
timethat a phenolic resin requires for conversion to the "B stage" at a specified 
temperature. These methods do not describe the transition to the completely 
crosslinked "C stage". In ISO 8987, the "B time" is determined on a hot plate at 
a defined temperature. Two types of hot plates are described: (1) a plate with 
depressions in the form of spherical segments (Method A), and (2) a plate 
without depressions (Method B). In Method A (Fig. 7.6), the time at which 
threads of the melt break ( at a measurement temperature of 130 oc, 150 oc, or 
160 oq is determined using a glass rod (with which the melt is stirred), andin 
Method B with a spatula (with which the melt is spread out in segments on the 
flat hot plate ). Methods A and B require practice and the results are affected by 
the individual, i.e., arenot operator-independent. 

Measurement of the gel time at a specified temperature using an automatic 
instrument, as described in ISO 9396, is an operator-independent procedure 
(Fig. 7.7). This method is mainly applicable to liquid resins, and is generally 
carried out at 100 oc or 130 oc (important for liquid resins used in production 
of coated abrasives or impregnating resins for paper base electricallaminate). 
Some time after initiation of the polycondensation reaction, the phenolic 

Fig. 7.7. Automatie testing of 
the gel time (ISO 9396) 
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resins reach a critical point at which the viscosity undergo es a sudden rise. The 
automatic instrument determines the time required to reach this point. In the 
instrument, the resin is contained in a thermostatted test tube in which an 
agitator moves up and down. The end point (gelation) is reached when the vis­
cosity of the sample rises so high that the test tube is raised tagether with the 
agitator and switches off the running stop clock (which then indicates the gel 
time). 

In ISO 11409, the reaction enthalpies and reaction temperatures at the 
beginning, midpoint, and end of curing at a specified rate ofheating are deter­
mined by means of DSC (Differential Scanning Calorimetry). The heat flow 
(quantity ofheat) toward a sample located in a small, tightly sealed steel con­
tainer is measured as a function of the time or temperature. The heating rate 
is usually 5 ± 1 °C/min, but the measurement can also be performed under iso­
thermal conditions. The heat differential that exists between the sample con­
tainer in which the substance is located and a "neutral" (sample-free) refer­
ence system is measured and indicated. The percentage conversion at rising 
temperatures and thus parameters such as differences in the curing rates of 
comparison samples can also be determined using this method. 

7.3.11 
ISO 9771, Acid Reactivity of Liquid Phenolic Resins 

Liquid, aqueous phenolic resoles or furfuryl alcohol-containing phenolic re­
soles (used as faundry binders or in acid-resistant construction or for the 
manufacture of phenolic foam) can react and eure by means of acidic catalysts 
(acidic salts or acids). The quantities of heat liberated in this process can 
be considerable, and can heat the sample to high temperatures. ISO 9771 de­
scribes measurement of the peak temperature that develops during curing of 
a phenolic resin mixed with an acid as a curing catalyst, and the time required 
to reach it. The resultant data indicate the reactivity of the resin and can be 
used for comparative determinations. 

7.3.12 
ISO 8618, Determination of Nonvolatile Components 

The nonvolatiles in a waterborne or dissolved resin are those components that 
are effectively incorporated into the subsequent application. The volatile sub­
stances in a resin are either solvents (including water), monomerk compo­
nents that do not undergo reaction under the prevailing conditions, or elimi­
nation products of the curing reaction such as the water and formaldehyde 
produced when resoles eure. The volatile components can exert a negative 
effect on the properties of a final product, for example, by causing porosity or 
cracking of moldings, which must be compensated by appropriate measures 
during processing. This description indicates that the nonvolatiles determina­
tion must be viewed as a complex procedure resulting in the parameters to be 
observed in ISO 8618. 
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In ISO 8618, the liquid phenolic resin (aqueous resole or resin solution) is 
weighed into a shallow dish of specified dimensions. The nonvolatile fraction 
is the percentage residue obtained when the volatile components are evapora­
ted under specific conditions of temperature and time. Cooperative testing has 
shown that drying ovens whose interiors exhibit little or no temperature varia­
tions may generally be used to achieve comparable results. Modern drying 
equipment maintains defined conditions of temperature and air flows. A test 
temperature of 135 °C is generally suggested. A special procedure at 150 °C is 
recommended for specific (impregnating) resins. 

7.3.13 
ISO 8974, Residual Phenol, Gas Chromatographie Determination 

The determination of residual phenol has gained considerable importance 
since many phenolic resin producers began to reduce the Ievel of residual 
(free) phenol in numerous types of resins by significant amounts (to less than 
0.2% in novolaks and less than 4% in resoles ). Gas chromatography, a modern 
and efficient method of determination that is operator-independent, can also 
be performed using automatic equipment, and offers large-scale producers the 
possibility of carrying out a large number of determinations within a short 
period of time. lt is excellent for this purpose. 

In ISO 8974, a sample is dissolved in an appropriate solvent (generally ace­
tone) and the Ievel of phenol determined by gas chromatography using 
m-cresol as an internal standard. Capillary columns, for example, a 25 m 
capillary column with an interior diameter of 0.32 mm and coated with 
OV -1701 silicone, are used presently. Helium is used as a carrier gas in the 
chromatograph. The amount of the m-cresol reference substance in the 
standard acetone solutions depends on the expected Ievel of phenol. Highly 
alkaline resins are neutralized prior to the determination to prevent forma­
tion of phenolates. 

7.3.13.1 
DIN 16916-02-L 1 and DIN 38409-16, Conventional Methods for Determination 
of Residual Phenol 

For reasons of completeness, the Kappesehaar wet analytical method a11d the 
colorimetric method (for residual phenollevels below 1 %) for determination 
of residual phenol will also be described below. The free phenol is separated 
by steam distillation in both procedures; alkaline resins must be neutralized 
prior to this separation. 

In the Kappesehaar method (no Iimit to residual phenollevel), the phenol is 
determined by bromination with a bromide/bromate solution to yield tribro­
mophenol. The reagent solution liberates a certain amount of bromine when 
it is acidified: 
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The excess reagent after addition of the aqueous phenol solution and bro­
mination of the phenolliberates iodine when potassium iodide is added (pro­
ducing a blue color with starch), and the iodine is back-titrated with sodium 
thiosulfate solution. In the colorimetric method of DIN 38,409-16 (for phenol 
levels below 1 o/o), the phenol separated by steam distillation is oxidatively 
transformed into a quinonimine dye with 4-aminoantipyrine and potassium 
hexacyanoferrate (III) solution, and colorimetrically determined ( extinction 
against a blank solution) in a photometer. 

7.3.14 
ISO 11402, Determination of Free Formaldehyde in Phenolic Resins 
and Co-Condensates 

The requirement that condensation resins produced with formaldehyde bear 
hazards markings and be classified necessitates differentiated methods 
(Table 7.5) for exact determination of the free formaldehyde level. 

The principle by which free formaldehyde is determined in unmodified 
phenolic and furan resins and their mixtures is the reaction of hydroxylamine 
hydrochloride with formaldehyde (ISO 9397, cf. Table 7.5): 

CH20 + NH20H · HCl ~ H20 + CH2NOH + HCl 

The hydrochloric acid formed in the reaction is potentiometrically determi­
ned with reagent-grade NaOH solution. ISO 9397 cannot be used if the resins 
have been modified with urea and/or melamine resins, since the methylol 
groups of the amino resins can partially hydrolyze. 

In the sulfite method, free formaldehyde and formaldehyde hemiacetals are 
converted into hydroxymethane sulfonate by an excess of sodium sulf1te at 
0 oc. The excess sodium sulfite is titrated with iodine solution. The resultant 
hydroxymethane sulfonate is decomposed with sodium carbonate solution, 
and the sodium sulfite liberated in the reaction titrated with iodine solution: 

HOCH2-S02Na + Na2C03 ~ CH20 + Na2S03 + NaHC03 

Na2S03 + I2 + H20 ~ Na2S04 + 2HI 

Table 7.5. Free formaldehyde Ievel in condensation resins (selection of procedures, ISO 11402) 

Procedure 

Hydroxylamine hydrochloride 
procedure 

Sulfite procedure 

KCN procedure 

• Unmodified furan resins. 

Suitable for testing of 

Phenolic resins, furan resins • ( unmodified 
with urea or melamine resin) 

Urea resins, melamine resins, furan resins, 
urea-melamine resins, furan-urea resins 

Melamine-phenolic resins, urea-phenolic 
resins, urea-melamine-phenolic resins 
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The free formaldehyde in phenolic-amino resin co-condensates is mainly 
determined by the "KCN method." In this method, free formaldehyde is react­
ed with an excess of potassium cyanide: 

a. CH20 + (excess) KCN ---7 NC-CH2-0K 

b. 2KCN + Hg(N03) 2 ---7 2KN03 + Hg(CN)2 

The excess of potassium cyanide is back-titrated with mercury (II) nitrate 
solution using diphenylcarbazone as an indicator. 

7.3.15 
ISO 8988, Hexamethylene Tetramine (HMTA) Content 

This method is mainly used for novolak-based phenolic powder resins con­
taining hexamethylene tetramine as a curing agent for the novolak. ISO 8988 
describes two procedures, the Kjeldahl method and the perchloric acid method. 
The Kjeldahl method is inapplicable if other nitrogen-containing components 
(for example amino resins) are present in the phenolic. The perchloric acid 
method is only applicable if the resin contains no alkaline or acidic additives. 
In doubtful cases, these methods are only applicable when a knowledge of the 
base formulation exists. 

In the Kjeldahl method, HMTA is converted into ammonium sulfate by hot 
degradation with concentrated sulfuric acid in the presence of an added cata­
lyst mix, for example a mixture of 97 g Na2S04 , 1.5 g CuS04 • 5H20 and 1.5 g 
selenium. Ammonia is liberated by addition of sodium hydroxide, and is 
(steam) distilled into a receiver containing hydrochloric acid. The excess 
hydrochloric acid is in turn back-titrated with NaOH: 

(NH4hS04 + 2NaOH ---7 Na2S04 + 2NH3 + 2H20 

NH3 + HCl ---7 NH4Cl 

The Dumas nitrogen determination used in eiemental analysis can also re­
place the Kjeldahl nitrogen determination. In the Dumas method,a 10-30 mg 
sample of resin mixed with copper oxide dust is incinerated under a stream of 
pure oxygen in an automatic combustion system. The combustion gases are 
carried over copper oxide and copper by a flow of helium, and the nitrogen 
determined using a thermal conductivity detector. The entire procedure is 
automatic. This method also determines total nitrogen. 

In the perchloric acid method, the powder resin is dissolved in an appro­
priate solvent, and the HMTA content determined by direct titration of the 
tertiary amine functional group with perchloric acid. 
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7.4 
Miscellaneous Chemical Test Methods Used for Analysis 
of Phenolic Resins 

ISO 10082 recommends that the water content of phenolic resins be deter­
mined using the Karl Fischer method of ISO 780. Modified Karl Fischer 
reagents, for example pyridine-free materials and reagents that are insensitive 
to the presence of aldehydes and ketones, may also be used for determination 
of water in phenolic resins. The ash content is determined as specified in 
ISO 3451/1 A. In this method, the ash is determined by direct incineration, i. e., 
by combustion of the organic fraction of the product and further heat treat­
ment of the inorganic residue. The alkali number and alkali content may be 
determined by various titrimetric methods. 

7.4.1 
ISO 11401, Liquid Chromatography for Separation of Phenolic Resins 

Liquid chromatography is generally used in research for structural elucidation 
of phenolic resins (resoles and novolaks), but in some cases is also used for 
routine analytical testing, for example, to characterize and compare produc­
tion batches, or to check the Ievel of residual phenol. The ISO thus standard­
ized this method. 

ISO 11401 describes three procedures [5]: 

A. Gel permeation chromatography (GPC), also known as gel chromatography 
B. High-performance liquid chromatography (HPLC) on polar columns 
C. High-performance liquid chromatography (HPLC) on nonpolar columns 

A phenolic resin can be separated by molecular size with the aid of Method A 
(gel chromatography). The free phenol and the sum of the dihydroxydi­
phenylmethanes (in novolaks) as weil as various methylolphenols (in resoles) 
are quantitatively separated in this procedure; resin fractions of higher mole­
cular mass are only incompletely separated due to the large number of isomers 
(see Structure, Chapter 4). 

Methods B and C (high-performance liquid chromatography) separate 
mixtures by the molecular mass and polarity of the compounds. The effects 
of molecular mass dominate on polar separation columns (Method B), and 
those of polarity on nonpolar columns (Method C). These methods also per­
mit quantitative determination of individual resin components of low mole­
cular mass. Due to the different solubility characteristics of the resins, 
Method B is better suited for novolaks, and Method C for resoles. 

High-performance liquid chromatography affords chromatograms of the 
entire range of resin components. In the case of novolaks, it is possible to iden­
tify isomerk mixtures despite the large number of isomers of compounds 
with more than four aromatic rings by performing simultaneous measure­
ments at multiple wavelengths using an array detector. 
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Fig. 7.8. Example of a GPC phenolic novolak chromatogram [S] 
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In Method A, the phenolic resin is dissolved in an appropriate solvent and 
the molecular mass distribution (Fig. 7.8) determined by separation on a 
column packed with polymer gel exhibiting pores of various diameters. In 
Method B, the resin solution is separated by passage through a polar column. 
The eluent is a mixture of solvents run with a "concentration gradient" of the 
individual components. Novolaks (Fig. 7.9) and resoles that are soluble in 
tetrahydrofuran can be analyzed in this manner. In Method C, the phenolic 
resin is dissolved in tetrahydrofuran and separated by passage through a non­
polar column (Fig. 7.10). As in Method B, the eluent is an appropriate mixture 
of solvents run with a concentration gradient. 

7.4.2 
Thin-Layer Chromatography (Company-Specific Method) 

In the 1950s, separations of products (for example, separation of the individual 
low molecular mass components of an oligomeric mixturein aqueous phenolic 
resoles) or of components resulting from oxidative cleavage of cured phenolic 
resins were carried out by paper chromatography. This method was simplified 
by use of thin-layer chromatography (TLC), in which the "migration" of indi­
vidual components along a silica gel-coated glass plate is visualized. 

Although these "historical" methods were very useful in the past, they have 
meanwhile been displaced by gas chromatography, gel chromatography, high-
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Fig. 7.11. Thin-layer chromatogram of the low molecular mass components of a phenolic 
novolak (TLC plate 200 x 200 mm, Silica Gel 60 bonded with gypsum; developing solvents 
direction 1: chloroform/methanol90:10; direction 2: toluene/MEK/DEA 75:75:20; develop­
ment with diazotized p-nitraniline) 

performance liquid chromatography, and other modern methods of struc­
tural analysis. 

In plant analytical practice, however, it has been found that TLC to this day 
remains well suited for rapid (qualitative and quantitative) preliminary testing 
of commercially manufactured phenolic resins to obtain basic data on their 
quality. Figure 7.11 shows a thin-layer chromatogram of the low molecular 
mass components in a standard novolak. Relative conclusions as to the degree 
of condensation may be drawn from this chromatogram, in which compounds 
with two and three aromatic rings are separated. Figure 7.12 shows a chroma­
togram of the mono-, di-, and trimethylolphenol mixture in a low molecular 
mass phenolic resole, and is similarly suitable to provide basic production 
information. 

7.5 
Application Technology Testing 

Practice-oriented application testing plays a significant part in the "test cas­
cade" used to determine the parameters and suitability of a resin, as well as in 
its development, continued development, and improvement of its properties 
(Position Bin Fig. 7.1). In some cases, such testsarealso carried out (either 
sporadically or over a certain period of time) on samples from running pro-



508 7 Chemical, Physical and Application Technology Parameters of Phenolic Resins 

OB 

6 OB 

OB ~ 
©rCK,OH • Cf~} OB 

OH 

o/CK,OH 
~OH 

Fig. 7.12. Thin-layer chromatogram of a low molecular mass phenolic resole (TLC conditions 
as in Fig. 7.1 1) 

duction, for example, on phenolic or furan resin-hased foundry hinders for the 
no-hake process. Such application tests generally deal with the phenolic resin 
as a hinder for use in production of articles in a specific application, and con­
sider the function and effects on quality in the final product. The tests that are 
performed represent chemical and physical trials designed to conform to the 
final product and its application. 

For technical, economical, and equipment-related reasons, it is not always 
possihle to test in a manner as closely related to practice as would he the case 
in actual industrial use in all fields of application (Position B' in Fig. 7.1). In 
such a case, however, the application tests are performed in a manner that 
ensures that the main technical requirements can he covered and a prediction 
can he made as to whether the product is suitahle for industrial use or, if not, 
what defects it exhihits. Major application tests for specific fields are descrihed 
helow. 
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The hinder is generally carbonized when these products (for example, refrac­
tory bricks for steel production) are used. lt is therefore necessary to deter­
mine the level of the carbon yield that may be expected following carboniza­
tion, since this magnitude affects the quality of the products. The carbon yield 
is generally determined by TGA (Thermal Gravimetrie Analysis) with a ther­
mobalance ( at temperatures up to 1000 oq in an inert or partially oxidative 
atmosphere. In the case of phenolic resins, the yield is generally 50- 70%. The 
procedure can be carried out by subjecting the resin system to a specific 
curing program prior to thermoanalysis ( cf. Sect. 6.4.1 Pyrolysis of Phenolics ). 

Further possibilities for application technology testing are offered by mag­
nesia or dolomite mixtures with graphite, where the phenolic resin is used as a 
binder; test pieces (for example, cylindrical shapes) are prepared from this 
mixture and appropriately cured ( using specific curing programs ), after which 
physical tests are performed on the test pieces. A similar procedure is followed 
in testing the impregnation capacity of a refractory and the eure of the impreg­
nated product ( cf. Sect. 6.4.2 Phenolic Resins as Binders for Refractories) [ 6]. 

7.5.2 
Faundry Binders 

Foundry binders are generally tested [7] by preparing practice-related (wet or 
dry) mold or coremaking sand mixes and determining properties such as the 
flowability, shaping ability, bake-on temperature, peelback behavior, and 
bench life. Test pieces are produced by means of the various (hot, cold, or gas 
curing) mold and coremaking processes. The processes (for example, the gas 
curing method) are usually carried out in a manner corresponding to that in 
the foundry industry (Fig. 7.13). The mechanical strength Ievels, thermal (hot 
distortion or thermoshock) properties, and the levels of gas evolution at ele-

Fig. 7.13. Foundry pilotplant 
( core shooter, gassing 
system, scrubber) for prac­
tical testing of foundry 
binders (photo: Bakelite AG, 
Iserlohn, Germany) 
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vated temperatures (matched to the casting conditions) can be determined 
with the test specimens. "Break-down" that permit conclusions regarding the 
later behavior of the poured-off sand when the cast articles areshaken or vi­
brated out of the mold (shakeout) are performed in the case of aluminium 
casting (melt temperature approximately 700 °C, internal temperature of cores 
generallynot higher than 400°C). Suchbreak-downtests can be performed by 
simple means on a laboratory shaker or using vibration or screening equipment. 

7.5.3 
Abrasives (Grinding Wheels, Abrasive Shapes, and Coated Abrasives) 

In the case of the liquid wetting resins and powder resins used in production 
of grinding wheels, it is important that the mixing behavior as well as the pow­
der absorption capacity of the liquid resins used to wet the grain be tested. 
Moreover, cold or hot pressed and oven-cured test pieces may be used to deter­
mine the hurst strength, the wet strength (effect of coolant in wet grinding), 
and further physical properties. In the case of coated abrasives, abrasive paper 
may be produced in the laboratory and properties such as the flow and curing 
properties of the liquid resins determined during this process. 

7.5.4 
Friction Linings 

Physical determinations of properties such as the strength levels are similarly 
carried out on test pieces in this application; in this case, the test pieces are 
produced from friction lining mixes corresponding to those used in practice. 
Moreover, the thermal stability of the friction lining mixes can be determined 
using thermoanalysis. It is also possible to carry out still more intensive testing 
on a friction lining teststand using specific test programs (Fig. 7.14); in this 
case, the resin manufacturer must weigh the advantages and disadvantages of 
installing such a friction lining teststand in-house or contracting the work at 
an outside testing facility. Parameters such as the coefficient of friction and 
wear of friction segments can be measured with simple formulations using 
such test equipment, and it is possible to determine the effects of various 
grades of resins. 

7.5.5 
lmpregnating Resins for lndustrial and Paper Base Electrical Laminates 

Application testing of these resins is matched to the fabrication process used 
for paper base electricallaminates. This includes impregnation of paper on a 
pilot plant line. If desired, copper-clad sheets can be produced from the 
impregnated paper on a hot press. Physical data such as the punching prop­
erties, surface resistance, specific volume resistance, electrical dissipation 
factor, flammability, water uptake, copper adhesion, solder bath behavior, 



Fig. 7.14. Brake lining test 
stand for semi-industrial 
tests and quality assurance 
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mechanical strength levels, and corrosion properties are determined with the 
sheets. The tests can also be extended to include etching of the copper foil 
(suitability test for production of printed circuits). 

7.5.6 
Resins for the Coatings lndustry 

Phenolic coating resins are tested for compatibility with solvents, drying oils, 
and other types of resins (such as epoxies); standard formulations are pro­
duced and the coatings application properties examined. The flow and reac­
tivity represent important coating properties. Generally tested coatings film 
properties include the hardness, adhesion, deep-drawing capability, steriliza­
tion resistance, chemical resistance, and water and weather resistance. 
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7.5.7 
Resins for the Adhesives Area 

Alkylphenol resins are used to produce products such as polychloroprene and 
nitrile rubber adhesives. Properties such as the reactivity with magnesium 
mdde are of significance in these applications. Determination of the major 
adhesives properties, such as the "open time:' and of the tensile, peel, and 
shear strengths of standard adhesive bonds are of importance in their use as 
adhesives. 

7.5.8 
Resins for the Rubber lndustry 

In the rubber industry, phenolics (unmodified and alkylphenol resins) are 
used as reinforcing or tackifying resins. lt is thus advisable to produce rubber 
mixes and vulcanisates using the specific resins for use in preliminary testing. 
The hardness, strength levels, elongation, and aging are tested in the vulcan­
ized products. 

7.5.9 
Resins for Textile Feit Production and Related Applications 

Phenolic powder resins are used for purposes including production of indus­
trial textile felts for applications in the automotive, household, and building 
areas. Preliminary trials include the emission tests already discussed in the 
chapter on textile felts as well as tests for flame resistance of the final products. 
Labaratory facilities for production of textile mats are on the market. Even 
without these facilities, it is possible to produce a random blend of resins and 
fibers in a simplified manner to afford a kind of molding compound, and to 
carry out practice-related tests on this material (refer to Sect. 6.1.2.3.7 for tests 
of emissions from phenolic resin bonded textile felts). 

7.5.10 
Plywood and Resorcinol Resin Adhesives 

Plywood adhesives are subjected to a bonding test (production of a plywood 
sheet under precisely defined working conditions). The strength is deter­
mined in a cleavage test (DIN 69705).Adhesion tests that can be performed in 
the laboratory also exist for resorcinol resin adhesives. 

7.5.11 
Resins for Floral Foam 

A simplified reactivity test can be performed with these resins. The resin is 
placed in an insulated paper cup and mixed with additives and pentane. The 



References to Chapter 7 513 

acidic curing agent is then stirred in, and a stopwatch simultaneously started. 
The stirrer is removed after 15 s, and the length of time the foam mix requires 
to reach the upper lip of the sample container measured. 
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CHAPTER 8 

lndustrial Safety and Ecological Questions 
(Raw Materials, Recycling, Environment) 

Consideration and solution of environmental and workplace-related prob­
lems in production and processing of phenolic resins (Fig. 8.1) have been 
emphasized in continued development of phenolic resins for many years [ 1]. 
The diagram in Fig. 8.1 helps to illustrate the topics that are addressed under 
the above heading. 

It must be expected that components classified under the heading "Hazard­
ous Materials" (C) can develop in production (A) and processing (B) of phe­
nolic resins and phenolic molding compounds. This means that raw materials 
(industrial materials) require hazardous substance markings (G) when they 
contain certain levels of such compounds. Compliance with occupational 
exposure limits must also be ensured when volatile substances can be liberat­
ed, and the composition and quantities of exhaust gases (E) that can enter the 
environment in the form of flue gas must be controlled. The emission limits 
must also be observed. Wastes (D) can be created during production (A) and 
processing (B), and require a decision as to whether they aretobe recycled (F), 
otherwise utilized, or sent to a waste disposal site. 

Figure 8.2 explains this process using a faundry facility where synthetic 
(for example phenolic) resins are used as mold and core binders for silica sand 
as an example. Various emissions (E1 , E2 , E3) develop during mixing, in pro­
duction of cores and molds, and during pouring, and from different sand 
wastes (A1, A2 , A3) during core production (residual ccire sand A1 and core 
breakage A2) and after pouroff (A3). All "E" and ''N' type areas can present 
problems that must be overcome. 

Fig. 8.1. Effect of production 
and processing on the 
workplace and environment 

I(G) Raw Material~~ I(A) Productionl~ 1------"~~=.:-=-1 

~ 
I(C) Hazardous Materials (?)I 

ll r-=t-----=---:------, 
Environment 

'----=--' 
(regulation for air and water) 
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Fig. 8.2. Emissions and waste 
in a foundry (schematic) 

A 1 Waste sand 

A3 Poured sand 

Mixer 

Core/mold 
production 

Casting 
gases 

In every production and processing system, analytical questions involving 
the workplace, flue gas, and emissions into the environment must be solved, 
and - if necessary - technical activities initiated in the areas of occupational 
safety (for operating personnel), flue gas treatment, and reduction of environ­
mental impact. 

Reduction of wastes and emissions to an acceptable level, one that can be 
regularly monitored, is a general principle that also applies to production and 
processing of phenolic resins. 

The question of resource conservation, specifically to recycle raw materials 
( G in Fig. 8.1) or to make use of renewable raw materials, also represents apart 
of this consideration. 

8.1 
Toxicological Properties, Hazards Labeling [2- 5] 

According to European guidelines for classification of hazardous materials 
and compositions, the acute toxicity assignments shown in Table 8.1 are pres­
ently valid. The LD50 is the mean lethal dose of a substance or composition 
that, when assimilated in the bodies of experimental animals of the same spe­
cies following introduction into the starnach (oral) or application to the skin 
(dermal), causes death in half (50%) of the animals; it is expressed in milli­
grams per kilogram of body weight (mg/kg b. w.). Extensive toxicological 
studies of solid and liquid phenolic resins afford unequivocal information on 
their acute toxicity [ 6]. 

The mean lethal dose (LD50) for solid phenolic resins (novolaks and re­
soles) by the oral raute of administration, determined in the rat, is more than 

Table 8.1. Acute toxicity ( animal tests) 

Very poisonous 
Poisonous 
Slightly poisonous 

Oral LD50 , rat mg/kg b. w. 

<25 
25-200 

200-2000 

Dermal LD50 , rat mglkg b. w. 

<50 
50-400 

400-2000 
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16,000 mg/kg body weight. Resins with relatively high Ievels of free phenol 
(solid resoles with Ievels up to about 8 wto/o) have also been investigated. No 
effect due to dermal exposure could be determined at Ievels up to 3000 mg/kg 
body weight. This means that classification for hazards labeling according to 
the above criteria is unnecessary in the case of solid phenolic (novolak and 
resole) resins. Studies of the dermal and mucous membrane tolerance showed 
that the resins that were tested and are representative for the pertinent types 
of resins may not be classified as "dermal irritant" or"mucous membrane irri­
tant." Although no sensitizing properties could be determined in animal stud­
ies, hypersensitivity reactions in susceptible persons cannot be excluded. 

The acute oral toxicity of liquid, aqueous phenolic resins depends on the 
Ievel of free phenol to a greater extent than in the case of the solid types of phe­
nolic resin. Depending on the phenollevel (up to about 10 wto/o), the oral LD50 

in rats is more than 16,000 to 6000 mg/kg body weight. The oral LD50 in rats is 
still above 2300 mg/kg b.w. even at ( extremely high) phenollevels up to 24 wto/o 
[7]. No mean lethal dose (LD50) could be determined for dermal exposure. 
Thus, liquid phenolic resins similarly fall under none of the classification 
described in Table 8.1. The dermaland mucous membrane tolerance ofliquid 
phenolic resins is affected both by their Ievel of free phenol and by the alkali 
content of the resins. Although the primary skin irritancy results did not lead 
to classification as an "irritant:' some types of phenolic resins can induce 
mucous membrane irritation in cases of lengthy, repeated exposure. Animal 
tests for a sensitizing effect similarly afforded negative results in this case, but 
hypersensitivity reactions cannot be excluded. 

The inhalative effect resulting from the presence of solvents dominates the 
toxicological properties of phenolic resin solutions. Solvents exert only a minor 
effect on the toxicological properties of phenolic resins with respect to the acute 
oral and dermal toxicity as weil as the skin and mucous membrane tolerance. 

Notwithstanding the above, current practice for phenolic resins as expres­
sed in presentlyvalid European (EU) Guidelines results in a purely formal sti­
pulation - not involving toxicological testing - that phenolic resins must be 
marked with a St. Andrew's cross ("X") when their Ievel of free phenol is grea­
ter than or equal to 1 o/o and less than 5 o/o, and with a skull and crossbones 
when the level is greater than or equal to 5 o/o. Although this very strict classi­
fication is patently unjustified on the basis of the described toxicological 
studies, it is nonetheless practiced. Similarly formal Iimits for purposes of 
hazards markings apply to the Ievel of free formaldehyde. 

8.2 
Workplace, Exhaust Air, Low-Monomer Resins 

Environmentally relevant substances - particularly phenol and substituted 
phenols, formaldehyde, and possible solvents - can be liberated during 
various operations, for example, those involving mixing, impregnation, and 
drying. The main emissions during curing of phenolic resins are of phenol 
and formaldehyde, ammonia also being emitted when novolak-hexamethy­
lene tetramine systems are used. Table 8.2 surveys the international occupatio-
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nal exposure Iimits [8], which are quite different in some cases, but nonetheless 
exhibit trends toward lower ranges. The occupational exposure Iimit ("MAK" 
in Germany) is the maximum permissible concentration of an industrial mate­
rial in the form of a gas, vapor, or suspended matter in the air of the workplace 
that, based on present knowledge, does not generally impair the health of the 
workers or represent an excessive nuisance to them even in case of repeated and 
lengthy exposure (as a rule 8 h), with a 40 h Iimit on the mean weekly working 
hours. As a rule, the MAK represents the mean of the concentration integrated 
over periods of up to one working day or one shift. There are additional restric­
tions on peak concentrations. The modes of activity of the substances are pri­
marily considered in establishing the MAK limits. The main emphasis in this 
work is on scientifically founded health protection criteria rather than on the 
technical and economical possibilities of realizing the Iimits in practice. 

In Germany, the concentration Iimits are developed by the DFG or "Deut­
sche Forschungsgemeinschaft" ( German Research Society) in Bonn. Table 8.2 
provides no information on the duration and frequency of peak levels per 
shift. Details may be requested from the pertinent national institutions. In the 
USA there are two different assessments, those by OSHA and the ACGIH. The 
latter is a US governmental facility for industrial medicine and generally 
applies stricter criteria. Compulsory measurements at intervals that depend 
on the percentage by which the concentrations fall below the limits exist in 
Germany. In principle, analytical technology permits continuous monitoring, 
possibly in the form of base measurements of the "organic carbon" parameter. 

A large number of work area analyses and control measurements that have 
been carried out in German plants demonstrate that in far more than 80% of 
all cases the determined concentrations are less than three-quarters of the 
MAK limit. In many cases, a reduction in the concentrations can be achieved 
by means of simple organizational or technical measures [9, 10] in the relati­
vely small number of workplaces where employee exposures were above the 
indicated level. On the basis of many reliable exposure determinations, it may 
thus be noted that phenolic resins can today be used and handled without pro­
blems from a technical or industrial medical viewpoint. The types and Ievels 
of the phenolic resin-derived components in the process air depend to a mark­
ed extent on the production and processing methods. Due to the regular, 
simple structure of the phenolic resins, emissions from curing processes that 
proceed at temperatures up to a maximum of 250 oc are limited to the mono­
mers that remain in the system - phenol and formaldehyde - and ammonia. 
When organic solvents are involved in the work, these can also be emitted [ 11]. 

Even years ago, the general, positive trend toward radical reduction of all 
types of environmental burdens led responsible phenolic resin manufacturers 
to minimize the levels of free monomers, odoriferous elimination products, 
and solvents in phenolic resins. As a result of this development work 
(Table 8.3 ), novolaks with a level of monomerk phenol below 0.2% and reso­
les with a Ievel below 2% can presently be used in nearly all areas. It is even 
possible to reduce the level of free phenol in novolaks to values below 0.05% 
for special applications. Special resoles with a free phenollevel approaching 
zero for applications such as coated abrasives meanwhile exist. 
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Table 8.3. Monomer (phenol, formaldehyde) Ievels in modern, environmentally friendly phe­
nolic resins 

Novolak, solid 
Novolak, solutions 
Novolak, low molecular mass (m. p. < 50 °C) 
Resole, solid 
Resole, aqueous 
Resole, solutions 

Free phenol % 

< 0.2 ( < 0.05) 
<0.1 
<0.15 
ca.2 
< 1.5 
< 1 

Free formaldehyde % 

«<0.01 
«< 0.01 
«< 0.01 
< 0.5 
<0.5 
<0.3 

Novolaks are essentially free of formaldehyde, and the Ievel of free formal­
dehyde in liquid resoles, assuming the application-related demands on the 
products manufactured from these permit this, can be reduced to 0.1-0.2 o/o 
depending on the type of resin. For reasons of quality, resins with higher 
monomer Ievels must continue tobe used in some areas. In these cases, parti­
cular attention must be devoted to occupational safety and the MAK Iimits 
must be met, or the emissions even better held considerably lower by appro­
priate technical measures [ 20, 21]. 

In addition to carbon monoxide, carbon dioxide, and phenols, aromatic 
and aliphatic hydrocarbons can arise in small amounts during thermal 
decomposition of uncured or cured phenolic resins in an atmosphere which is 
low in or free of oxygen, for example, during pyrolysis of phenolic resin bon­
ded refractory bricks for steelmaking. For many years, measurement of"key" 
components such as phenol, benzene, formaldehyde, total organic carbon 
(TOC), and carbon monoxide has provided a satisfactory method for toxico­
logical assessment of pyrolysis gases in practice. A branch of industry in which 
introduction of this key component concept was very important was the 
foundry industry [ 12], where phenolics, furan resins, urea resins, epoxies, and 
phenolic/polyurethane systems are used as sand binders for cores and molds. 

Fig.8.3. Measurement of dust 
development (standard and 
dust-free) 

Standard Dust reduced Dust free 

Dust reduction 
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As already described in Sect. 6.2.2.5, p. 327 the Ievels of dust produced when 
powder resins are processed have also been reduced. This particularly applies 
to the use of phenolic resins in production of brake lining compounds or in 
mixing processes encountered in the grinding wheel industry. As shown by the 
dust Ievels in Fig. 8.3, both low-dust and dust-free powder resins exist. These 
properties are achieved by particularly homogeneaus distribution of specific 
active ingredients throughout the powder resins [13]. The dust measurements 
are performed using special instruments in which dusting is produced by tum­
bling the powder resin in a test drum, the dust carried off by a flow of air and 
trapped in a fi.lter. In the case of dust-free powder resins, this method affords 
results that approach zero and meanwhile agree with experience in practice. 

8.3 
Flue Gas Treatment 

Additional facilities for flue gas treatment are :;equired if the officially per­
missible emission Iimits for phenolic resin processing cannot be met due to 
the process technology. Fundamentally applicaUe treatment systems are (1) 
bioiogical flue gas treatment, (2) flue gas scrubbing, (3) thermal incineration, 
and (4) adsorption [14]. 

3iological flue gas treatment [15] was long r.:garded as a future-oriented 
.:ess. It was presumed that this proces~ oft'· a wealth of possibilities for 

'"· Jtion. A relatively lengthy process of dev.... ;nent and testing has mean­
wlLe taken place, and trials have also been been onducted in the area of phe­
n,·li .. resin processing, specifically in the fou . ry industry. On the whole, 
thc-e have shown that the biological initiation/u .ivation surface assumes very 
large dimensions when large quantities of fluc; gas are involved, generally 
preventing successful introduction of the process. 

Physical and chemical flue gas scrubbing shifts the focus from the flue gas 
to the scrubbing medium, and thus generally leac to an effluent disposal prob­
lern. On the face of it, flue gas scrubbing i.s a ~tJatively economical process; 
hoh,~ver, it has the drawback that the inevitablv required effluent treatment 
can le very costly in the case of phenolic resir: msequently eliminating cost 
advsntages. 

Thermal incineration is a process for reducm; the Ievels of hazardous or­
ganic compounds in flue gas which has been in r. ; in industry for many years. 
A combustion chamber temperature of 750-85 ,oc is required for incinera­
tion of phenolic components in flue gas. For economical reasons, thermal inci­
neration is principally used for treatment of solvent-containing flue gas, i.e., 
gas i::,:orporating a high Ievel of ener,gy, in combination with an efficient heat­
recove:y system. Direct regenerative combustion (Fig. 8.4) isathermal flue gas 
treatment process [16] in which the pollutant-containing exhaust is passed 
over hot ceramic packing material. This completely incinerates the organic 
pollutants. The ceramic packing material functions as a regenerative heat 
exchanger. Up to 95% ofthe heat of combustion is recovered; the system thus 
operates without a primary energy input even at low poilutaut Ievels. This 
results in relatively low operating expenses and a high treatment effect. 
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Ceramik 
HeatSink 

Treated Gas 

t 

Exhaust 
Ventilator 

L-------~~~====~J~-----_.~ 

Fig.8.4. Thermal exhaust treatment process (DRV) of Siemens AG 

The adsorption or active carbon process (Fig. 8.5) is primarily used for sol­
vent recoveryandin treating large volumes of air containing low levels of pol­
lutants. The porous structure of the active carbon [ 17, 18] provides internal 
surface areas of 400 -1500 m2/g. Physical adsorption (for example of phenols) 
is only possible at temperatures ranging up to the boiling point of the adsor-

Fig.8.5. Active carbL 0cess 
- fluid bed adsorber 
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bate, and is particularly effective at lower temperatures. Chemisorption on 
pretreated active carbon (for example, of formaldehyde) demands a certain 
minimum temperature, and also proceeds at temperatures above the boiling 
point of the adsorbate. The active carbon process is oriented toward the pol­
lutaut levels to a greater extent than industrial incineration. 

8.4 
Analytical Determinations at the Workplace and in Flue Gas 

Since it would exceed the scope of this publication to consider the details of 
hazardous materials testing at the workplace and in flue gas, only basic 
descriptions of the methods will be mentioned [ 19]. 

Tests to determine the gaseous substances to which a worker is exposed 
during a shift and to monitor compliance with the Iegallimits [20] as well as 
to determine the extent to which the concentrations exceed or fall below these 
limits can be carried out using various methods [21, 22]: (1) in the form of 
basic preliminary tests in the working area using analytical tubes, where the 
results are indicated by graduated color reactions; (2) using digitally indicat­
ing instruments that are also available for some substances, and can be used 
for preliminary measurements or control tests and represent an evolved form 
of the analytical tube method; (3) with personal testing devices during the 
work shift using either (a) diffusion badges that absorb pollutants from the 
flow of air that bears them or (b) portable instruments that are equipped with 
absorption fluids or solids and a pump; or ( 4) by stationary measurements in 
the workplace area. 

Analytical tubes represent one of the classical methods of determination. In 
simplified terms, a gas analysis tube is a glass tube containing a chemical for­
mulation that undergo es a color reaction with the substance to be determined. 
The tubes are fused shut on both ends; these are opened and air pumped 
through to perform the determination. The concentration at the time of sam­
pling can be determined ( colored response) from a printed scale. 

Because of their wearing comfort, pumpless long-term measurement 
systems and badges are mainly used for personal measurements. However, the 
question of their accuracy is controversial. Long-term analytical tubes with 
pump systems can be used for both stationary and personal measurements 
over lengthy periods of time. They afford mean results, but do not detect brief 
peak levels or concentration variations. 

In indirect measurements, sampling of the hazardous substance, for exam­
ple, phenol or formaldehyde, is carried out by enrichment from the workplace 
air on appropriate collection media. The analytical evaluation is then carried 
out at a different time and place. Small, light battery-operated pumps attached 
to the individual are used for personal sampling. Regulation of the air flow is 
particularly important for proper sampling. The pertinent sampling probe for 
the specific type of measurement is attached to the carrying belt, the vacuum 
pump set to the desired flow rate using a calibration system, the pump simi­
larly fastened to the belt, the pump connected to the sampling probe, and the 
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Schematic 

1 Sampling probe (perforated) 
2 lnlet tube (heated if appropriate) 
3 Analytical filter (heated if appropriate) 
4 Pressure gauge 
5 Venturi with differential pressure gauge 
6 Suction draft biower 
7 Prandtl's pitot tube with differential pressure gauge 
8 Tamperature sensor with indicator 
9 Analytical instrument (humidity, gas composition) 

10 Barometer 
11 Outdoor thermometer 
12 Timer 

Fig. 8.6. Diagram: determination of air pollutants (formaldehyde, phenol, ammonia, sulfur 
dioxide, organic carbon, various organic solvents, etc.) in flue gases 

pump switched on. The sampling period generally extends over an 8 h shift. 
The evaluation is carried out at a different time and place using gravimetric, 
optical, atomic absorption, colorimetric, or gas chromatographic methods 
appropriate to the type of measurement. Stationary workplace measurements 
may also be carried out in a manner similar to that used for flue gas deter­
minations (using solid and liquid collection media) and described below. 
Figure 8.6 shows a diagram of the test system [ 23]. 

The following absorption and adsorption media may be used: 

1. AHMT (4-amino-3-hydrazino-5-mercapto-1,2,4-triazole) solution, 30 ml 
perwashing bottle (formaldehyde determination by the AHMT procedure). 

2. Distilled water, 30 ml perwashing bottle (formaldehyde determination by 
the pararosaniline procedure). 

3. Sodium hydroxide, 30 ml2 o/o solution perwashing bottle (phenol determi-
nation). 

4. Hydrochloric acid, 30 mll o/o perwashing bottle (ammonia determination). 
5. Silica gel adsorption tube (organic carbon or solvent determination). 
6. Further appropriate absorption and/or adsorption media as required. 

8.4.1 
Example of a Measurement Procedure 

A 20 mm opening is cut in the exhaust gas chimney or pipe to sample a partial 
flow for the measurement. The inner inlet probe is inserted into the measure­
ment opening and connected to the heated inlet probe. The open cross section 
is sealed with a stopper. The absorption unit ( three washing bottles, the first 
two charged with a certain amount of the appropriate absorptionmedium and 
the third as a reserve bottle) or adsorption unit ( two adsorption tubes a + b 
connected in series) is connected to the end of the heated probe. If multiple 
pollutants are to be determined simultaneously, a glass distribution system 
may also be attached to the heated probe. In order to prevent formation of con­
densate in the glass distribution system, the latter is jacketed with insulating 
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tubing. The absorption/adsorption units are then connected to the glass dis­
tribution system. Sampling is carried out for a period of 30 min (in special 
cases for Ionger or shorter periods) at a flowrate of31/min. The contents ofthe 
collection units are then chemically analyzed. 

The color reaction with pararosaniline was long favored for determination 
of formaldehyde [ 24]. However, hexamethylene tetramine interferes with the 
pararosaniline method [25]. Use ofthe AHMT procedure [26] is thus prefera­
ble, particularly for testing exhausts or emissions arising during novolak­
HMTA curing. The color reaction with p-nitroaniline is used to determine 
phenol [27], and the reaction with Nessler's reagent to analyze for ammonia 
[28-30]. 

8.5 
Waste, Recycling 

The subject of flue gas treatment relates to compliance with pure air regula­
tions. In addition to these, regulations pertaining to waste disposal sites and 
waste utilization as well as the general process of material cycles must be 
observed in production and further processing of phenolic resins (Fig. 8.7). 
The subject of utilization of phenolic plastic and phenolic bonded material 
wastes is quite varied and decisions must be made for each specific case [31, 
32]. In principle, recycling, incineration, and site disposal of cured or uncured 
systems is possible. 

In many cases, it is impossible to avoid creation of process-related, uncur­
ed, or partially cured residues when phenolic resins are used. If these residues 
cannot be subsequently cured, all such incompletely cured material represents 
hazardous waste. In principal, materials such as incompletely cured resins 
can be handled either by disposal at a "properly managed waste site" or by in­
cineration, although in the case of incineration it should be noted that the 
gross calorific value of such waste is generally relatively high and the pertinent 
incineration facility must be capable of dealing with waste exhibiting such 

Processing 
- cleaning 
- size reduction 
- extraction 

Fig.8.7. Recycling of thermoset materials 

., 
~ 
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high gross calorific values. If appropriate, such waste can be mixed with pro­
ducts exhibiting low gross calorific values. Depending on the quantities, volu­
mes, and process opportunities, production waste composed of fully organic 
materialssuch as resin-containing fibers from used industrial (phenolic resin 
bonded) textile felts or waste from processing phenolic molding compounds 
containing organic fillers can be recycled [33-38]. 

However, the lack of disposal site capacity and hazardous waste incinera­
tion facilities as well as the rapid rise in disposal costs make it wise to consider 
waste avoidance or minimization as well as possible recycling of residues. At 
an early date, the manufacturer and processor of phenolic resins were thus 
required to deal with the question as to how the waste and used materials 
arising in connection with production and processing of these products could 
be disposed of in an environmentally acceptable manner. Nonetheless, the 
methods that can be used for this purpose depend on the specific circum­
stances. 

Reworking of production residues is successfully practiced by notable ther­
moset processors. This requires specific organizational structures to ensure 
the required standard of quality. Filled or reinforced phenolic plastics can 
basically be reused by means of partiewate recycling. Depending on the end 
use, however, the risks with respect to the achievable level of secondary ma­
terial quality should not be underestimated. In view of these aspects, the 
question as to whether the effort involved in recycling is justifiable, or whether 
it may be economically and ecologically better to exploit the energy content of 
certain materials by thermal utilization rather than carry out particularly 
cast-intensive recycling, must be considered in each individual case. 

On the other hand, case studies have demonstrated that residual materials 
from production of phenolic-impregnated fllter papers and clutch linings as 
well as resin-impregnated textiles [39-41] from grinding wheel fabrication 
offer interesting possibilities of reuse. Despite this, greater utilization of such 
opportunities is frequently hindered by logistic or separation problems. 

Phenolic molding compounds can be recovered by particulate recycling. 
This can be done without significant lasses in quality both in the processing 
plant and during molding compound production. Available experience shows 
that such activities are not only ecologically, but also economically desirable. 
The cured or partly cured fabrication waste produced during thermoset pro­
cessing can be directly milled and incorporated into new goods in the proces­
sing plant. Thorough investigations confirmed that this can be done without 
lasses in quality [ 42, 43]. This recycling technique has since been successfully 
practiced by many molding compound processors. 

However, recycling of particulate material to produce high-quality molding 
compounds assumes that this material satisfies the same demands of quality 
as all other raw materials. This includes the requirements that it be free of for­
eign materials such as metals and other plastics, as far as possible cleanly sor­
ted and of defined composition. The latter principally refers to the type of 
hinder and the main flllers. This material is recycled either into the original pro­
duct, or into products specially developed for this use. The PF 2000 molding 
compound (Fig. 8.8) represents an example ofthistype of product. lt contains 
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Fig. 8.8. Comparison of various material parameters of recycled material - containing mold­
ing compound PF 2000 and type PF 12 (source: Bakelite AG, Iserlohn, Germany) 

50 o/o recycled material, about 15 o/o chopped glass fiber, and 35 o/o phenolic resin 
including curing agent and miscellaneous additives. This formulation not only 
offers excellent processing properties, but also a range of material properties 
that in some cases exceeds the quality of the primary material. This enhance­
ment is mainly due to the double impregnation effect. 

Although fabrication wastes are generally obtained in straight (unmixed) 
form, and are free of foreign contaminants, the situation with respect to rejects 
(moldings) in areas such as the autornative industry is completely different. 
Two circumstances that render recycling considerably more difficult are 
encountered in such cases: ( 1) the materials are directly or indirectly bound to 
other products in complex construction elements, and cannot be simply sepa­
rated from these, and (2) the components are exposed to a wide variety of 
environmental effects in their applications, and are accordingly contaminated. 
The parts to be recycled must thus be sorted by material types and cleaned 
before use. 

Specific studies have similarly demonstrated that returns ( used or defective 
parts) can also be recycled. Despite this, the risks with respect to the achiev­
able material quality should not be underestimated. In view of this aspect, it 
is probably better to avoid undue effort and make reasonable and economical 
use of the energy content of such materials in individual cases by thermal 
utilization. 
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8.6 
Renewable Raw Materials (Furfuryl Alcohol, Lignin, Tannin) 

For ecological and economical reasons, renewable raw materials are presently 
the object of increasing attention. Furan resins offer a classical example of 
such utilization, since their basic raw material, furfuryl alcohol, is obtained 
from corn stalks (Fig. 8.9). Phenolic resins can similarly be modified with fur­
furyl alcohol, for example, in production of foundry binders and in acid-re­
sistant construction [ 44]. 

Although only 4% of the total oil production is used in manufacture of pla­
stics, the limited availability of petroleuro provides a constant motivation to 
free completely or partially thermosetting materials from their dependence on 
oil wherever this is possible. The ability of phenolics to incorporate high levels 
of inorganic fillers and reinforcing agents that are available in unlimited quan­
tities offers such a possibility. Possible filler levels in materials such as com­
mon phenolic molding compounds are 50- 65 %. In general, thermosets can 
incorporate up to 80% fillers, whereas the limit on use of fillers and reinfor­
cing agents in thermoplastics, the bulk of which represent unfilled systems, is 
generally limited to a filler level of 30%. 

In the search for alternatives to oil-derived binders, two naturally occurring 
raw materials in addition to furfuryl alcohol - tannin and lignin (see Sect. 
6.1.1.6.2 and 6.1.1.6.3) - offer interesting possibilities. Lignin (Fig. 8.10) is 
obtained in large quantities in production of cellulose. In the plant world, it 
represents a widely occurring basic substance that can exhibit various struc­
tures depending on the type of plant it is derived from, but in contrast to other 
biopolymers it exhibits no regular structure. Wood contains ab out 20-30% 
lignin. Since several structural changes occur in the lignin during the digestion 
process, this process can exert a great influence on the quality of lignins. On 
the basis of its structure, lignin may be considered a kind of phenolic conden­
sate in the broadest sense of the term, making it logical to use it in production 
of phenolic resins. Pertinent tests involving the use of lignin in various areas 

Corncobs CHO 
Oat Hulls 1 

Cotton Hulls Pentasans Hydrolysis H-y-OH 
Bagasse -"---:-::r:--'+ Pentose -- HO-C - H 
Rice Hulls (e.g. Xylan) W H-C-OH 
Grain Straw 1 
Bran CH20H 

fJ-cHO 
0 

Furfurylaldehyde 
(" Furfural ") 

Fig.8.9. Origin of furfuraldehyde and furfuryl alcohol 

Xylose 
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Fig.8.10. Structure oflignin (segments) 

have been carried out in the last few years, and some have been successful 
[ 45- 49]. At present, it is necessary to wait and see whether the cellulose and 
paper industry can further develop sulfur-free digestion processes and bring 
these into large-scale production, since a basic requirement for the use of 
lignin is generally the availability of sulfur-free, low molecular mass Iignins. 
Such materials are basically available by way of the Organosolv process. Howe­
ver, the Organosolv process, involving organic wood digestion, is currently 
only used to a limited extent on an industrial scale. 

Tannin obtained from specific types ofwood ( used in large quantities for 
tanning) is already employed in production of chipboard at present, and is 
also under consideration for other applications since it can be easily transfor­
med into biopolymers and incorporated into phenolic resin systems [S0-54]. 
Thus, tannins have been industrially used as binders for chipboard and fiber­
board for several years, not only in South America and South Africa, but also 
in Europe [55]. Tannins can also be used as curing accelerators or phenolic 
resins in the plywood industry (Fig. 8.11). The high reactivity of the tannins 
results from their polyphenolic nature. Depending on their chemical compo­
sition, polyphenols differ from one another with respect to their reactivity 
toward formaldehyde. The reaction with formaldehyde, which forms the basis 
for the use of these binders, affords high molecular mass polycondensates. 
Since crosslinking sites are only present to a limited extent, the formalde­
hyde demand is small, and the crosslinking density in the cured binders is 
relatively low (see Sect. 6.1.1.6.3, p. 148- 9). 



Fig. 8.11. Structure 
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When used as binders for chipboard and fiberboard, tannin extracts thus 
offer several advantages such as the low formaldehyde demand during curing, 
the possibility of using chips with high er maisture levels, and the faster rate of 
eure. In addition, the polyphenolic substances in the extract undergo ideal 
curing under slightly alkaline conditions. Wooden materials bonded with 
these products thus contain very little alkali and only liberate very low levels 
of formaldehyde. In these respects, they largely correspond to chipboard made 
with straight phenolic resins, and furthermore exhibit a lower sorption capa­
city than straight phenolic chipboard [56, 57]. 

Whereas tannins are used alone andin combination with other materials as 
primary binders for wood materials, lignins - in this case not only those deri­
ved from the Organosolv process - can be employed as extenders for phenolic 
resins. Such materials may represent kraft lignins, various sulfite liquors, waste 
liquors from non-conventional wood digestion processes, or lignins from 
annual plants. 

This discussion on the use of furfuryl alcohol, lignins, and tannins as rene­
wable modifiers or partial replacements for phenolic resins is intended to 
show that these products do not merely represent "alibi substances" in the 
question of resource conservation, but have meanwhile even become irre­
placeable raw materials in a number of areas. 
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CHAPTER 9 

Conclusion: Guidelines for Future Developments 
in Phenolic Resins and Related Technologies 

The impression sometimes arises that development, production, and con­
sumption of phenolic resins and other thermosets - particularly amino and 
furan resins - are stagnant or in decline. However, this is not, in fact, the case. 
It is safe to assume that this group of products will always be required for 
many end-use applications due to its performance characteristics. The reader 
of this publication will recognize that phenolic resins still have a bright future 
as adhesives for industrial applications and thermosetting molding com­
pounds. Pertinent examples are matrixresins for high performance fiber com­
posites, applications in the transportation industry, components for carbon­
based materials and refractories that afford a high carbon yield in the carbon­
ization process, and glass fiber-reinforced phenolic molding compounds 
exhibiting high, constant thermal resistance. 

The versatility of phenolic resins as exhibited by the six bonding functions 
and the range of applications may stimulate further modifications to resin, 
process, or final product. 

Phenolic resins participate in both high volume commodity market areas 
as well as low volume specialty markets where product performance is crucial. 
Selected examples include photoresists for computer chips, and carbon car­
bon composites for aircraft brakes and nozzles for the U.S. space shuttle. 

Aside from the technical performance parameters of phenolic-based ma­
terials and commercial aspects related to their use, future interest will be pri­
marily concerned with developments that must offer an expanded range of 
properties. Future acceptance of phenolic-based materials will depend on the 
extent to which they are modified to meet more rigorous requirements. 

Furthermore, shortened innovation cycles (laboratory to commercializa­
tion), challenges resulting from raw material shortages or changes in resources, 
more economical production methods, and demands relating to workplace 
safety and environmental aspects lead to certain guidelines for continued 
development of phenolic resin systems. The following proposals are presented 
to stimulate areas of technical research in expanding the utility of phenolic 
resins: 

1. Development of production methods that reduce energy and increase 
yields. This refers to both continuous and discontinuous, computer con­
trolled, modern processes for manufacture of resins and molding com­
pounds. Computer simulation for desired resin preparation and/or formu-
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lation, microwave, and E-beam methods of eure are additional areas of 
interest. 

2. Development of phenolic adhesive systems in which alterations in the reac­
tivity allow reduction of energy and time during eure. Pertinent examples 
of such goals are reduction of curing temperatures in phenolic-based coat­
ings systems, reduction of the throughput time in production of coated 
abrasives, and reduction of the press time required for wood composites 
and all types of molding compounds, as weil as a transition to core ad­
hesives that eure at lower temperatures (e.g., using gassing methods) in 
foundries. 

3. Enhancement of workplace safety and environmental protection during 
processing of phenolic resins by reduction of monomers anJ other pol­
lutants in tr1e original resin. Continued efforts in solvent frec JgtH'ous, or 
melt processing (grinding wheel area) are recommended. CL :ain manu­
facturers have introduced "environmentally friendly" resins , _id more are 
expected. Thus, residual monomer (phenol, formaldehyde) le, ~;s in a wide 
variety of phenolic resins have been reduced to the Iimit of detr :tion. Some 
processes involving changes in conventional resin synthesic v · ill 1 eqmre 
some mo(1 ification '· the r<mge of properties provided by th ' 1 are 
tobe man:•.ained. 

4. Reducti<·· of exhau\t en:i·.sion~ by devdopment of new '" l 

prLHJU(fi . U nng CU ";:_' 0 

to reduec 111~\JO!l' .md 
ment. 

.. , r tnvjronrnent -_J:l_fiP:' -
t<' tcall) controL.:]g, :: Lit 

. ··okoh of the phenolic resiE:~ wi 1 

:1pli' or eliminate thc ne< 1 foJ 

5. EnhancerLent of the ,ldhesive strength of phenolic resins by \, : •Li ,:ns 
with the objective of reducing the resin Ievel in phenolic bond, l m:iice: ids 
to an acceptable minimum. Reduction of the resin Ievel is acc- · 'iJa d by 
a possible decrease in the le\·els of cleavage products liberated .obra-
sive or destructive utiliz<:tion o1,naterials such as gri:•ding v.L ls, ,-_, 
linings, or f'oundry molding materials. 

6. Devclop qt of : :·es: -, exhibiting high,T len:b :•led •Ca 
propert!<.'' t-or use i :nd·:-r:als :,uch as fiber reinf,,rced camP <tö. ,,,,, ,­
addition 'hould be n·n•, :hnmable and exhibit rt':,'cuct-d smok 
appllcau:. , in airpL1ne cw~truclion c•r mass tra ,portatio11 
as high train S\ :1c·rgisrn of resin stnld:;r,_' and c' 
should he considertci 

7. Optimizatt· '" of phe1wEL- resin and phenoli..: mok compou r,, ng 
capahiliLlc> •o penm: pn;cessing flash/waste acc- articles r, be rc' , '' · 
ed to tlK ''iülding m '' it:l; c~! production proces~. l~·'· Jing of phenolil rc ;.,_ 

based processing flash/waste by solid or particulate recycling is possible, 
and is already practiced today. 

It is safe to assume that phenolic resins will maintain or even expand their 
market positionrelative to other plastics in the future, since their range of prop­
erties is unique in many areas. Process technologies that generally identify 
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targets for products that compete with phenolic bonded materials should be 
optimized. On the other hand, even high-performance thermoplastics have 
their limits in both properties and processing technology. Appropriate modi­
fication - for example, with other resin systems - with the goal of further 
improving the processing technology or achieving a high-performance level 
of physical properties will become increasingly significant in phenolic resin 
systems. 

Due to their relatively low energy demand, low environmental impact, high 
filler utility and compatibility, and low petroleum dependency, continued 
growth in phenolic-based materials is expected in the future. Furthermore, 
utilization of their typical range of thermal, electrical, and chemical properties 
willlead to additional expansion of opportunities for use ofthisversatile fami­
ly of polymers. 
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