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Synopsis 
An investigation of the char formation process during the thermal-oxidative degrada- 

tion of phenol-formaldehyde polycondensates by thermogravimetric analysis and ele- 
mental analyses of the degraded residues has been found to support the char-forming 
proposals previously reported. The resins investigated, once fully cured a t  elevated 
temperatures, were all found to degrade identically under the conditions studied despite 
differences in the phenol-formaldeh$de ratios of the liquid resins. Test data indicated 
that the elevated temperature degradation is fundamentally associated with the chemi- 
cal stability of the dihydroxydiphenylmethane unit. Small differences in the mode of 
degradation were observed up to 300OC. and could be attributed to the post-curing proc- 
esses and volatilization of solvent and other low molecular weight species. The present 
study presents a useful alternate approach to the study of high temperature degradation, 
based on residue analyses, which when coupled with data obtained by other methods 
allows a more complete evaluation of resin degradation in the temperature range 150- 
800°C. 

INTRODUCTION 
In  a number of previous reports,l-S the oxidation chemistry of phenol- 

formaldehyde polycondensates has been described in some detail. The 
correlation of data on changes in resin structure collected by infrared spec- 
troscopy, gas chromatography, and other physical methods of analysis and 
by model compound studies has led'to a proposed mechanism for the forma- 
tion of carbon char a t  elevated temperatures. The primary evidence for 
char formation rests on the fact that quinoid species are readily formed 
during resin oxidation from dihydroxybetizophenone moieties. The rate of 
quinoid species formation increases markedly as the temperature is in- 
creased.2 Gas chromatographic monitoring of the volatile products formed 
during controlled temperature pyrolysis3 indicated that the formation of 
carbon char during decomposition of the phenolic polymer parallels the 
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evolution of carbon monoxide. Figure 1 summarizes the postulated char- 
forming reactions starting from the dihydroxydiphenylmethane unit.8 
The indicated reaction scheme is idealized, since experimental verification 
for differences in reactivity of 2,2'-, 2,4'-, and 4,4'-isomeric units has not 
been possible. 

Since the application of phenol-formaldehyde polycondensates to ablative 
thermal protection systems for reentry vehicles requires an understanding of 
the degradation processes taking place, particularly those reactions leading 
to char formation, further investigation of high temperature degradation 
was deemed of value. The problem of elucidating changes in structure of 
complex resin systems at elevated temperatures, i.e., above 40O0C., presents 
a, formidable task, due to the limited applicability of physical methods such 
as spectrophotometric monitoring of functional group changes at the reac- 
tion temperature. The present report delineates an approach to high- 
temperature degradation studies which monitors changes in elemental 
composition as a function of temperature and time. When this information 
is coupled with gas-phase product distribution, spectral examination of the 
residual material, and other physical data, a more detailed view of the actual 

(1) - co 
(21 RING 

FORMATION s' 
Fig. 1. Postulated reaction scheme for the formation of carbon char from the dihydroxy- 

diphenylmethane unit.'-6 
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degradation processes can be rationalized. The techniques employed in 
this study were chosen in order to combine weight loss information with 
elemental changes within the residual polymeric material over a wide range 
of temperature. The reason for this approach was due to the fact that 
above the very early weight losses caused by volatilization of low molecular 
weight fragments such as water, phenol, etc., all phenol-formaldehyde resins 
appeared to exhibit very similar high temperature degradation (i.e., parallel 
weight losses regardless of phenol-formaldehyde ratio). It was therefore 
desirable to have a method which studied the residue as the focal point 
rather than the volatilized degradation  product^.^ The objective, natu- 
rally, was to gain correlative solid-phase residue data for comparison with 
information available from other methods of analysis. 

EXPERIMENTAL 

Resins Studied 

The phenol-formaldehyde resins utilized in this study were specifically 
prepared for comparison with previously reported investigations2. a or were 
commercial samples either utilized in other investigations of high-tempera- 
ture degradation6 or employed for correlative purposes with the laboratory- 
prepared materials. All samples were alkaline-catalyzed (resole type) 
liquid resins and are designated by letters for discussion purposes in this 
report. 

Dr. L. S. Miller, Adhesive 
and Resin Products Division, Martin Marietta Corporation, Seattle, 
Washington) were catalyzed with Ca(OH)2 and had phenol-formaldehyde 
ratios of 0.50,0.42, and 0.36, respectively. Resin D (prepared as described 
by Gonley and Bieron2) was catalyzed with NaOH and had a phenol- 
formaldehyde (P/F) ratio of 0.50. Resin E, a commercial product (CTL- 
91-LD), has been investigated by Coffman and Friedmad and was obtained 
from the American Reinforced Plastics Company, Los Angeles, California. 
Resin F is a commercial product (SC-1008) obtained from the Monsanto 
Company, Plastics Division, Springfield, Massachusetts. 

Resin samples A, B, C, E, and F are designated as either cured or post- 
cured, depending on the total curing process used in terms of time and 
temperature. Cured resin samples were subjected to the following sequence 
of elevated temperature exposure in air: 72 hr. at 74"C., 2.5 hr. increasing 
from 74 to 108"C., 2 hr. at 10S0C.,.and finally 19 hr. at 127°C. In order 
to increase the degree of methylene bridges by thermally condensing the 
residual methylol ~pecies,~ an additional curing process was employed (post- 
cured samples). The typical post-curing cycle was as follows: 6 hr. a t  
149"C., 8 hr. at 177"C., 8 hr. a t  199"C., 30 min. increasing from 199 to 
232"C., 30 min. at 232°C. Resin D was cured by a slightly different 
method (3 hr. a t  12OOC.) for specific comparison with previous studies on 
volatile product distributio~i.~ 

Resins A, B, and C (prepared for this study 
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The thermogravimetric and chemical analyses samples were filings from 
the cured or post-cured sample blocks. 

Thermochemical Analysis Technique 
All thermogravimetric analyses (TGA) were conducted by a standardized 

testing technique. Samples consisting of 200 mg. of flings in a porcelain 
crucible were heated in an argon atmosphere at  a constant temperature 
rise rate of 3.3"C./min. to a h a 1  temperature of approximately 815°C. 
The change in sample weight was measured on a Cahn model RA recording 
electrobalance with a sensitivity of 0.1 mg. It should be pointed out that 
since the weight loss rate is affected by heating rate and by the atmosphere 
surrounding the sample, standardization of both parameters is essential 
for data comparison. 

For elemental analysis studies, 200 mg. of filings of resins B, C, El and 
F were placed in separate small Inconel containers and simultaneously 
exposed to the TGA heating cycle until a predetermined sample tempera- 
ture was attained. Equipment was the same as was used in the TGA 
testing except that there was no need for the recording balance. A thermo- 
couple was inserted into the sample inside one of the metal containers, thus 
allowing direct reading of sample temperature by use of a null balance 
potentiometer. When the sample temperature reached the desired point, 
samples were immediately removed from the furnace and quenched in 
water. The purpose of this quench was to abruptly terminate degradation 
reactions by means of a rapid reduction in specimen temperature. The 
time required for the quench was less than 5 sec. so that the amount of air 
diffusing through the argon enveloping the samples was negligible. Sample 
temperatures were selected to give residues differing by increments of 
approximately 0.05 in residual weight fraction as determined from the TGA 
data. 

The 
color transition was from tan (up to 300°C.) to brown (350-500°C.) to dark 
brown (500-600"C.) to black (above 600°C.). 

After drying for several hours near 100°C. in a circulating air oven, 
residues were analyzed to determine their elemental composition. Nitro- 
gen analyses were conducted on cured but nondegraded samples of each 
material using a Coleman Model 29 Nitrogen Analyzer. Trace amounts of 
nitrogen (less than 0.5%) were detected in the commercial materials which 
were not post-cured (resins E and F). The consequence of this nitrogen 
was trivial, so that from a practical standpoint these materials were con- 
sidered nitrogen free. A Coleman Model 33 carbon-hydrogen analyzer was 
used to determine percentages of carbon, hydrogen and (by difference) 
oxygen on all residues. The precision of the instrument in determining 
carbon or hydrogen is approximately =t0.2%. In  actual operation, ac- 
curacy tended to vary and it was necessary to frequently test standard 
reagents of verified composition in order to confirm proper functioning of 
the instrument. 

Visual effects accompanied the degradation of these materials. 
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By separate combustion of undegraded samples of each material, an ash 
These experiments indicate the presence of of 0.3% or less was obtained. 

negligible amounts of inorganic constituents. 

DISCUSSION 

Thermogravimetric Analysis 

The thennogravimetric method of polymer analysis provides an accurate 
record of the change in sample weight as a function of linearly increasing 
temperature. Typical weight changes in the cured materials are sum- 
marized in Figure 2. Figure 3 indicates corresponding weight loss data 
for the post-cured materials. In the cured materials, weight losses below 
300°C. were significantly greater than those recorded for the post-cured 
samples. Such a change is quite consistent with losses of entrapped solvent, 
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Fig. 2. Thermogravimetric analysis curves for cured phenol-formaldehyde polycon- 
densates heated at 3.3"C./min. in argon. 

100 200 300 400 Mo 600 100 am 
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Fig. 3. Tliermogravimetric analysis curves for post-cured phenol-formaldehyde poly- 
condensates heated at 3.3"C./min. in argon. 
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water from methylol condensation, and low molecular weight components 
due to volatilization as the temperature is increased. Weight losses of the 
cured resins A-D (Fig. 2) in the 100-300°C. temperature region seem to 
depend upon the phenol-formaldehyde ratio of the liquid starting resin. 
The resin having a phenol-formaldehyde ratio of 0.50 (resin A) showed a 
smaller weight loss than resins with lower phenol-formaldehyde ratios. 
Resin D, with a phenol-formaldehyde ratio similar to resin A, was cured at 
a temperature only 100°C. lower than resins A-C but for a much shorter 
time (3 hr. compared to 19 hr.). The weight loss from resin D was sig- 
nificantly higher than that obtained from resin A. These weight losses are 
consistent with the ability of the resins to undergo further condensation 
between 100 and 300°C. In the 300-400°C. temperature region, all sam- 
ples indicated similar weight loss phenomena. Since earlier work3 had 
shown that the resin is almost fully cured by heat treatment a t  300-400"C., 
the similarity of all resins whether cured or post-cured is not unexpected. 
The volatile products should be those expected from final condensation of 
the residual methylol groups together with products expected from the 
initial phases of degradation. 

As rioted from the TGA curves (Figs. 2 and 3), the major weight loss 
occurred in the 400-700°C. temperature region, and weight losses over that 
region are remarkably similar regardless of the starting resin or its degree 
of cure. This phenomenon was suspected from earlier studies, since the 
rates of degradation of various sample types (i.e., phenol-formaldehyde 
ratio) closely paralleled each other a t  high temperatures. For example, a 
resin film prepared from a resole having a phenol-formaldehyde ratio of 0.5 
was spectrally the same after oxidation at  625°C. for 6 min. as the spectrum 
obtained from a resin having a 0.35 phenol-formaldehyde ratio.' The in- 
growth of bands in the infrared region showed these samples similar in both' 

TABLE I 
Consistency of Weight Loss Data Regardless of Sample Type 

over the Temperature Region 350410°C. 

Material 

Weight loss 
between 

w/wo 350 and 810°C., yo 
of W / W O  at 350°C. at 350°C. 

A-C" 0.954 41.7 
A 0.906 41.9 
RCa 0.962 41.2 
B 0.880 43.5 
c-ca 0.954 41.7 
C 0.857 43.8 
E-C' 0.936 40.1 
E 0.857 40.0 
F-C* 0.930 40.4 
F 0.922 41.6 

The samples were post-cured. 
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types and intensities of absorption bands resulting from the formation of 
new functional groups. 

Generally speaking, weight loss differences between the various phenolic 
materials above 350°C. were minor, regardless of the resole sample investi- 
gated. This observation is particularly clear by examination of Table I. 

From these data, it is apparent that the stability of the resin system aa a 
molecular species is the phenomena controlling the elevated temperature 
degradation (350-810°C.). Therefore, the inherent stability of the di- 
hydroxy-diphenylmethane unit would not be expected to change either from 
a thermal or oxidative degradation viewpoint unless fundamental modifica- 
tions are made in the chemical structure of the species. With these obser- 
vations in mind, a study of the residue composition as a function of tem- 
perature should be a useful tool in tracing the formation of carbon char and, 
as well, in evaluating other data already in the literature relating to high 
temperature degradation of these resin systems. For example, Coff man 
and Friedman6 reported the mass spectrometric analysis of volatile com- 
ponents from phenolic degradation. No mention of oxygenated organic 
species such as phenol, formaldehyde, etc., was made in this report. From 
our previous work,3 carbon dioxide, carbon monoxide, and other oxygenated 
products represent a major portion of $he volatiles from the degrading 
resin and tlierefore the elemental analysis of the residue should reflect these 
changes. 

Elemental Analysis Studies 

Table I1 summarizes the results of carbon-hydrogen analyses on post- 
cured resins B, C, E, and F. As discussed in the experimental section, 
percentages not accounted for in Table I1 are assumed to be oxygen. The 
residual weight fractions (W/W,) from the thermogravimetric study are 
also summarized for clarity. Conversion of the elemental weight per- 
centages into absolute weight values expressible in terms of grams or moles 
is possible by utilizing the residual weight fraction data. Figure 4 sum- 
marizes the relative changes in elemental composition of the residue in 
terms of moles as a function of temperature for the post-cured resin a m -  
ples. Below 250"C., differences between resin types are evident. Resins 
E and F are shown to lose carbon and hydrogen (indicative of loss of an 
organic solvent entrapped in the resin), while resins B and C show a loss of 
hydrogen only (indicative of the loss of water rather than carbon-containing 
species). Since resin E is known to have isopropyl alcohol as the solvent 
for the liquid resole, the trends in the elemental composition seem to be 
quite significant when coupled with other known information. Above 
300"C., the residue composition of all the materials studied is almost 
identical. These data follow consistently from the thennogravimetric 
data in which all major variations were noted below this temperature range. 
Essentially, a t  300"C., the resins, regardless of initial composition, have 
been normalized due to curing, oxidation, and loss of volatile components. 
Since any individual elemental measurement is subject to an error of 0.3%, 
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0 Resin B 
A Resin C 
o Resin E 
0 Resin F 

- Hydrogen 

Temperature f°C) 

Fig. 4. Char composition vs. temperature for post-cured phenol-formaldehyde poly- 
condensates. Initial sample weight = 100 g.; heating rate = 3.3"C./min. 

these observations are quite consistent. Small changes in chemical com- 
position due to variations in aromatic to aliphatic moieties present will not 
be reflected in the elemental composition measurement. 

The manner in which residual weight fractions of elemental carbon, 
elemental hydrogen, elemental oxygen, and total weight for phenolic resin 
B, a.s a typical example, vary with temperature is shown in Figure 5. These 
curves are normalized with respect to initial weight of each component. 
The low temperature increase in oxygen may be due to residual water from 
the quench or to oxidative degradation of methylol and methylene group- 
ings as reported by Conley et al.l+ 

It is interesting to note the changes in mole ratios of the different ele- 
ments in the residue as it degrades. Between 250 and 425"C., the empirical 
composition of the resin changes little and the mole ratios C/O, H/O, and 
C/H remain essentially constant a t  values of 4.5,3.5, and 1.25, respectively. 
Only about 10% of the original sample weight is lost below 425°C. Above 
this temperature, the ratios involving oxygen rise sharply (C/O from 4.5 
to 20 and H/O from 3.5 to 8), reflecting the severe loss of this element at 
temperatures of 450°C. and greater. These data are remarkably consistent 
with the data obtained from gas chromatographic analysis of the volatile 
components.3 (In the 400°C. region, carbon dioxide and carbon monoxide 
were major products of the degradation.) 
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The rates of change of the different elements (Fig. 4) determine the em- 
pirical composi'tion of volatile products being lost a t  any particular tem- 
perature. The mole ratio of oxygen to carbon in the decomposition prod- 
ucts is larger than 1 but less than 2 between 425 and 530"C., while the 
mole ratio of hydrogen to oxygen in the volatile products experiences u 
minimum over this same region. Therefore, one would expect that carboii 
dioxide and carbon monoxide rather than water are the principal products. 
Molal ratios of hydrogen to carbon in gaseous products between 590 and 
810°C. are approximately 4, indicating loss of low molecular weight ali- 
phatics such as methane. Again, these data are consistent with the gas 
chromatographic data reported earlier.3 
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Fig. 5. Residual weight fractions of elements vs. temperature for post-cured resin B 
(P/F' ratio = 0.42). Sample pyrolyzed at 3.3'C./min. in argon. 

Residues from samples of these materials not post-cured were also sub- 
jected to elemental analysis. In general, chemical differences among these 
phenolics were minor abbve 320°C. and did not differ appreciably from 
results on post-cured materials. It may be recalled from the TGA results 
that weight loss characteristics followed this same pattern. 

Earlier,' it was postulated that phenolic degradation was primarily oxida- 
tive in nature. The present study tends to confirm this observation and, 
in addition, lends support to the proposal that the resin itself can act as an 
oxygen source for the oxidative processes. Although the initial oxygen 
content of phenolics is only about 20y0 by weight, the present results show 
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that more than 50% of the weight loss occurring over the major decomposi- 
tion region is due to oxygen loss. 

Although no accurate identification of specific chemical species is possible 
from elemental analyses of the type performed here, the changes in com- 
position as the char-forming process proceeds lend support for a reaction 
involving the loss of carbon monoxide simultaneously with the carbon char 
formation. The data presented here strongly suggest that regardless of the 
species present in the liquid resole before curing, the degradation processes 
occurring a t  elevated temperatures are dependent upon the stability of the 
dihydroxydiphenylmethane unit and, therefore, the polycondensates all 
behave similarly from a chemical viewpoint once the curing processes are 
complete. Early stage volatilization (up to 300°C.) is the only major 
difference between resole materials which are derived from phenol and 
formaldehyde (nonmodified resins), and, therefore, small differences ob- 
served in these materials when employed as thermal protection systems 
must be attributed to resin curing procedures and fabrication methods 
rather than to intrinsic differences in structure (i.e., molecular weight, 
varied substitution, etc.). Comparison of materials, prepared and cured 
by a variety of procedures, from a total weight loss viewpoint alone should 
be cautioned, since such a procedure does not adequately indicate stability 
differences between structural types. In fact, in many cases such compari- 
sons may lead to erroneous conclusions regarding the suitability of a par- 
ticular material for thermal protection applications. 
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On a trouve qu’une Btude du processus de formation de produit de carbonisation- 
pendant la dbgradation thermique oxydante des polycondensata ph6nol-formaldBhyde, 
Btude Bffectub par analyse thermogravimBtrique et  par analyses BlBmentaires dea rBsidus 
d&adb, confirme les propositions ant6rieurement d&rites concernant Is formation de 
produit de carbonisation. Les rbines Btudih, recuites complbtement B temphtures 
Bevbs, ee d6gradent toutes d’une fawn identique dans les conditions BtudiBea malgrB 
les differences dans les rapports phBnol-formaldbhyde des resines liquides. Les rbultats 
dea essais montrent qu’h temp6rature BlevBe la d6gradation eat fondamentslement amo- 
ci& B Ia stabilit.4 chimique de I’unitd dihydroxydiph6nylm6thane. Dea petites diffBr- 
encee dans le mode de degradation ont btB obsew6es jusqu’h 300°C et pourraient &re 
attribu6ea au processus de post-recuit et  B la volatilisation du solvant et  d’autres pro- 
duita de faibles poids mol6culaire. Le present travail offre une voie utile pour 1’6tude 
de la d-dation B temp6rature 6lev&, 6tude bas& sur l’analyse des dsidus qui, lors- 
gu’on la combine avec les rbultats obtenus par d’autres mbthodes, permet une Bvalua- 
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tion plus complete de la degradation des rbines dans le domaine de temp6ratures allant 
de 150 B 800°C. 

Zusammenfaasung 
Eine Untersuchung des Proaeeses der Kohlebildung wahrend des thermischoxydativen 

Abbaus von Phenol-Formaldehydpolykondensaten durch thermogravimetrische und 
Elementaranalyse des Abbauruckstandes liefert eine Stutae fur die friiher gemachten 
Annahmen beauglich der Kohlebildung. Die untersuchten, bei erhohter Temperatur 
ausgeharteten Harae aeigten unter den Versuchsbedingungen identisches Abbauverhalten 
ungeachtet der Unterschiede im Phenol-Formaldehydverhaltnis der fliissigen Harae. 
Versuchsdaten aeigten, dam der Abbitu bei erhohter Temperatur grundsatalich mit der 
chemischen Stabilitat der Dihydroxydiphenylmethaneinheit verknupft ist. Kleine 
Unterschiede im Abbauverhalten traten bis au 300°C auf und konnten auf Nachhartungs- 
prozesse und Verfluchtigung von Losungsmittel und anderen, niedermblekularen Kom- 
ponenten zuriickgefuhrt werden. Die vorliegende Arbeit aeigt eine brauchbare alterna- 
tive Moglichkeit zur Untersuchung des Hochtemperaturabbaus auf, welche auf der 
Ruckstandsanalyae beruht und gemeinsam mit nach anderen Methoden erhaltenen 
Daten eine vollstandigere Beschreibung des Haraabbaus im Temperaturbereich von 150 
bis 800°C gestattet. 
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