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Abstract

The thermal stability of p-cresol novolac resin was studied by means of DSC, X-ray dif-
fraction, thermogravimetry and SEC investigations. After 30 thermal cycles in which the same
sample was heated, cooled and heated again, without attainment of the temperature of degra-
dation at any timc in the cxperiment, important structural modifications arc cbserved. At the
end ol the experiments, the resin, which is initially highly crystalline, exhibits all the charac-
teristics of a semi-crystalline material,
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Introduction

The p-phenol novolac resins have long been known for their applications as
insnlants in electronie engineering, in the antomohile indnstry, in adhesive pro-
duction and in the field of chemical coatings [1]. These resins have good chemi-
cal and mechanical characteristics, but exhibit a weak thermooxidative resis-
tance. Thns, several structural modifications have heen proposed, invalving
copolymerization with long-chain alkyl phenols, or blending with elastomers or
epoxy resins [2, 3]. The complete characterization of such a material requires the
nse of many experimental methods (DSC, TR spectroscopy, NMR SEC etc ) {4]
and the thermal stability is often studied by means of thermogravimetry. In this
case, it ts the value of the highest temperature that the resin can reach without ex-
hibiting a mass loss (i.e. thermal degradation) which is determined. In this work
we present results obtained by DSC, X-ray, thermogravimetry and SEC on one of
the more simple novolac resins subjected to thermal cycles in which the same
sample is heated, cooled and heated again for a long time without attainment of
the temperature of degradation at any time in the experiment.
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Experimental methods

Poly(hydroxy-I-methyl-3-phenylenemethylene) was synthetized by acidic
catalysis (oxalic acid), nsing a reaction mixtre with a formaldehyde {(37% in
H;0, Aldrich)/p-cresol (99%, Merck) molar ratio of 0.85, as described by
Koebner [5] (Fig. 1). The final product is a white powder,
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Fig. 1 Formula of poiy(hydroxy-1-metyl-3 phenylenemethylene)

By means of size exclusion chromatography (SEC), the average molecular
weight was computed, by using a water 510 Gel Permeation Chromatograph
with polystyrene standards. The apparatus was equipped with five [iStyragel col-
umns (100, 500, 10°, 10° and 1 0° A) operating in toluene: detection was made
with an R 401 Waters refractometric detector.
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Fig. 2 Thermal cycles performed by DSC; a8 the number of cycles

Differential scanning calorimetry (DSC) was performed with a Perkin Elmer
Series 4 calorimeter. Experiments were carried out under a nitrogen flow at a
heating rate of 10°C min™'. To eliminate problems of mass variations during the
thermal cycles, the samples were put in sealed capsules in grannlar form. Cali-
bration of the calorimeter with regard to temperature and energy was achicved by
measurement of the temperature and enthalpy of melting of indium as standard
material, The thermal stability of the polymer was tested by DSC during 30 con-
secutive cycles (Fig, 2}. During these cycles, the same sample was used and no
interruption was allowed during the sequences of measurements. Thermo-
gravimetric measurements were made on a TG, DTA 92 Setaram thermobalance,
from 20 (0 900°C at 5°C min™" and under a nitrogen flow. Finally, the existence of
a crystalline or/and a vitreous phase was checked by X-ray diffraction, with the
help of a fast curved detector, using CoKy radiation.
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Results and discussion

From SEC, the average molecular weight of the studied sample was found to
be Mn=580. From the X-ray diffraction pattern (Fig. 3), the existence of rays and
the lack of the characteristic vitreous diffuse hump allow the conclusion that the
sample exhibits a high crystallinity ratio.
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Fig. 3 X-ray diffraction patlern obtained on the sample before the thermal cycles

Figure 4a depicts the enthalpic curve obtained after the first heating period.
The endothermlc reaction at Tx=205"C (onset temperature), with an cnthalpy
AHW=135.21 g, associated with melting, is the only reaction observed. This re-
sult is consistent with the existence of a crystalline phase in the sample. It should
be pointed out that a small shoulder occurs at the beginning of this melting peak.
Finally, the thenmogravimetric curve (Fig. 5) exhibits only one main degradation
process, with a temperature of maximum decomposition close to 477°C. No
water evaporation nor other mass loss is observed in the temperature range be-
tween 30 and 300°C.,

Figure 4b displays the enthalpic curve resulting during the first cooling pe-
riod. Only thc exothermic reaction at 7.=160.6°C, is observed with an enthalpy
All~1127 g ', This reaction is associated with crystallization of the melt. The
observations made during the 30 cycles peformed may be divided into three
parts:

i) Up to the 15th scan, during the heating or the cooling periods, no reactions
other than the first endothermic and exothermic peaks described above are ob-
served. Nevertheless, after each cycle, the temperatures of the melting peak and
the crystallization peak decrcase as the number of cycle increases. The same
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variations are observed for the enthalpy of melting (AHy) and for the enthalpy of
crystallization (AH,). Finally, the small shoulder observed in the first scan be-
comes an endothermic peak after the 15th scan.
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Fig. 4 DSC curves obtainad during a) the first heating period, b) the tirst cooling period,
¢} the 17th scan, d) the 27th scan, For a, b and ¢, [ull X scale=50 to 250°C, while for
d, X=30 to 250°C; for a and b, full Y scale=13 mW, for ¢ Y=5 mW, and for d, Y=1 mW

ii) From the 15th up to the 18th scan, the behaviour obscrved previously re-
mains the same. The decreases in Ty, T., AHy and AH, continue. Nevertheless,
during the heating period. a new exothermic reaction is observed (Fig. 4¢). This
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Fig. 5 Thermogravimelric curve obtained on the resin before the thermal cycles
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new reaction is attributed to a devitrification process. In spite of the lack of evi-
dence of a glass transition reaction, this indicates that a vitreous phase ex1sts in
the sample. We believe that the glass transition 1s not observed in our curves be-
cause it is out of the range of temperatures scanned during the experiments. The
last point to be noted at this stage of the protocol is that the temperature of de-
vitrification remains practically constant, while the enthalpy increases. This in-
dicates that, after cach scan, the ability to devitrify increases, or the quantity of
vitreous phase increases compared to the crystalline phase, or both.
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Fig. 6 Temperatures of melting, crystallization and devitrificalion obtained during each cycle
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Fig. 7 Melting, crystallization and devitrification enthalpies determined during each cycle
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Fig. 8 X ray diffroction pattern obtained on the sample after 30 cycles

ii1) From the 18th up to the 30th scan, the crystailization observed during the
cooling period vanishes and the melting enthalpy continues to decrease. For the
devitrification process, the enthalpy remains constant, but its temperature in-
creases drastically in such a way that the peaks of devitrification and melting are
superimposed by the 24th scan. We observe the glass transition, which remains
at the same temperature (T,=40°C), while the melting enthalpy continues to de-
crease. All the values detemined during these thermal cyeles are reported in
Figs 6 and 7.

X-ray diffraction (Fig. 8) and SEC analysis were performed on the sample
which had undergone the 30 thermal cycles. The X-ray diffraction pattern
showed rays and evidence of a diffuse hump, which indicates that part of the sam-
ple remained crystallized while another part was vitreous. This is consistent with
our DSC data. From the SEC analysis, we observed the existence of two new
small peaks, indicating a new distribution of Mn at Mn=900 and =720. This indi-
cates that the lengths of some chains increase, but as regards the magnitudes of
the new peaks, this transtformation involves a very small volume of the sample.
Thus, a polymerization reaction of low magnitude may occur during these ther-
mal cycles.,

Conclusions
The thermal stability of a p-cresol novolac resin was investigared. Thermo-
gravimetry revealed no degradation before 400°C, which demonstrates the good

thermal stability of this resin. Nevertheless, when experiments were performed
in another way, by heating, cooling and heating again during 30 thermal cycles,
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without attainment of the temperature of degradation at any time in the experi-
ment, it was found that structural modifications can occur. The previous highly
crystalline structure of the resin becomes semicrystalline with a value of T, close
to 40°C, leading to the possibility of physical aging during room-temperature
storage,
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