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ABSTRACT: Cardanol-based novolac resins were sepa-
rately prepared with different mole ratios of cardanol-to-
formaldehyde with different acid catalysts. These resins
were epoxidized with epichlorohydrin, in basic medium, at
120�C. The resins were, separately, blended with different
weight percentages of carboxyl-terminated butadiene acryl-
onotrile copolymer and cured with polyamine. Structural
changes during blending were studied by FTIR spectro-
scopic analysis. Coats–Redfern equation was utilized to cal-
culate the kinetic parameters, viz., order of decomposition

reaction (n), activation energy (E), pre-exponential factor
(Z), and rate decomposition constant (k), for the decomposi-
tion of the samples. It was found that the degradation of the
epoxies and their blend samples proceeded in two steps.
VVC 2009 Wiley Periodicals, Inc. J Appl Polym Sci 114: 1694–1701, 2009
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INTRODUCTION

Cashew nut shell liquid (CNSL), a phenolic com-
pound containing 15-carbon chains with variable
unsaturation degrees and meta substituted in the ar-
omatic ring, can be regarded as a versatile and valu-
able raw material for polymer production. Cardanol,
a distillate of CNSL, is a potential natural source for
biomonomers and finds various industrial applica-
tions. By far the greatest amount of work on poly-
meric materials, derived from CNSL or cardanol,
has been with their use in the manufacture or modi-
fication of phenolic resins1–4 particularly base cata-
lyzed resoles and acid catalyzed novolacs. The
cardanol-based novolac-type phenolic resins may
further be modified by epoxidation with epichloro-
hydrin (ECH) to improve the performance of such
phenolic-type novolacs.5 Having several outstanding
characteristics, epoxy resins show low impact resist-
ance in their cured state6–11 which limits the applica-
tions of epoxy resins. This deficiency of epoxy resins
are overcome by the incorporation of reactive liquid
rubber without significant loss in other properties,

particularly mechanical properties.12,13 In this way,
carboxyl-terminated copolymer of butadiene and
acrylonitrile (CTBN) has been used by various work-
ers6,7,13 with diglycidyl ether of bisphenol-A
(DGEBA) epoxy resin and epoxidized phenolic
novolac resins. CTBN is hardly been used with car-
danol-based epoxy resins. Therefore, we have tried
to produce the modified epoxy matrices, based on
cardanol, by physical blending with CTBN and stud-
ied the effect of CTBN addition on the overall
kinetic parameters for the thermal degradation of
blend systems in present investigation.

EXPERIMENTAL

Materials

Cardanol (M/s Satya Cashew Pvt. Ltd., Chennai),
formaldehyde (40% solution), oxalic, succinic and
citric acid, sodium hydroxide, ECH (all from M/s
Thomas Baker Chemicals Ltd., Mumbai), polyamine
(M/s Ciba Specialty Chemicals Ltd., Mumbai) with
amine value 1240–1400 mg KOH/g, and CTBN
(Hycar 1300 � 13) were used during the investiga-
tion. CTBN was kindly supplied by M/s Emerald
Performance Materials, LLC, Hong Kong having mo-
lecular weight Mn of 3500 and acrylonitrile and car-
boxyl contents 27 and 32%, respectively.
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Synthesis of cardanol-based epoxidized
novolac-type phenolic resin

Cardanol, procured from open market, was distilled
under reduced pressure at 206�C. The purified car-
danol was checked for its iodine value, viscosity,
specific gravity, etc. These values resembled the val-
ues given in our previous publication.14

Cardanol-based novolac type phenolic resins were
prepared as per the method given in our previous
work.14 These cardanol-based novolac-type phenolic
resin14,15 were epoxidized by a method similar to
the method given in literature.16 Approximately, 1.0
mol of novolac resin was taken in a 500 mL three-
necked round-bottomed flask and 10 mol of ECH
was added to it while stirring. Then, 40% sodium
hydroxide solution was added drop wise to the
above mixture for a period of 5 h at 120�C. The reac-
tion mixture was then subjected to distillation under
vacuum for the removal of unreacted ECH. The
resulting viscous product was stored for further
analysis.

Preparation of blends of epoxidized novolac
resin and CTBN

The prepared epoxy resin was mixed physically with
varying concentration of CTBN ranging between 0
and 20 wt % with an interval of 5 wt %. All the sam-
ples were designated according to Table I.

Fourier-transform infra-red (FTIR)
spectroscopic analysis

FTIR spectra of the prepared samples, cured or
uncured, were recorded on a Perkin-Elmer (Model
843) infra-red spectrophotometer in the wave length

range of 500–4000 cm�11to study the formation of
various functional groups during the reaction.

Thermogravimetric analysis

The thermal stability of the blend samples was
determined by a comparison of the onset degrada-
tion temperature (up to 5% weight loss) of the cured
samples with thermogravimetric analyzer (TGA) of
TA Instruments (Model Q50 TGA) at a heating rate
of 10�C/min in nitrogen atmosphere from 50� to
650�C.

RESULTS AND DISCUSSION

Epoxidation of novolac prepolymer

The novolac based epoxy resins are synthesized by
reaction with ECH. The number of glycidyl groups
per molecule in the resin is dependent upon the
number of phenolic hydroxyls in the starting novo-
lac, the extent to which they are reacted and the
extent to which the lowest molecular species are
polymerized during synthesis. Theoretically, all the
phenolic hydroxyls may be reacted, but, in practice
all of them do not react because of steric hin-
drance.17 The reaction between ECH and novolac
resin may be thought to proceed in a similar fashion
as given by Lee and Neville17 in their work on phe-
nolic resin and ECH. The epoxide group of ECH
reacted with phenolic hydroxyls under the alkaline
medium and formed the chlorohydrin ether which
underwent dehydrochlorination reaction and
resulted in to glycidyl ether.

FTIR analysis of uncured and cured blend sample

Figure 1 shows the IR spectrum of pure epoxy sam-
ple, ECF710. The peaks related to oxirane

TABLE I
Sample Designation

S. no.
Epoxy

(sample code)
Blend (sample code)

15 wt % CTBN

1 ECF510 ECF513
2 ECF520 ECF523
3 ECF530 ECF533
4 ECF610 ECF613
5 ECF620 ECF623
6 ECF630 ECF633
7 ECF710 ECF713
8 ECF720 ECF723
9 ECF730 ECF733

10 ECF810 ECF813
11 ECF820 ECF823
12 ECF830 ECF833

C ¼ Cardanol; F ¼ Formaldehyde; CF ¼ cardanol-based
novolac resin; ECF ¼ epoxidized novolac resin; 4,5,6,7,8 ¼
different mole ratios; 1 ¼ oxalic acid; 2 ¼ succinic acid;
3 ¼ citric acid.

Figure 1 FTIR spectrum of epoxidized novolac resin ECF710.
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functionality appeared near 911 and 856 cm�1 (Fig. 1).
When CTBN is added to pure epoxy resin, these
peaks disappeared and new peaks appeared near 914
and 850 cm�1 (Fig. 2). The peaks appeared near 911
and 856 cm�1 (Fig. 1) might overlap these peaks.
The peaks near 1719 cm�1 owing to carbonyl stretch-
ing, 1440 and 972 cm�1 owing to CAH bending18–20

along with a sharp peak near 2239 cm�1, owing to
CN group of the CTBN molecule were also seen in
the spectrum of uncured blend system (Fig. 2). These
observations clearly indicated that there occurred no
chemical interaction between the oxirane group of
epoxy and carboxyl group of CTBN. The epoxy resin
and CTBN remained as a discrete phase in the
uncured stage. However, the addition of CTBN and
polyamine into epoxy caused chemical interaction
between the oxirane ring and the carboxyl function
of the CTBN which resulted in complete diminution
of the peaks at 911 and 856 cm�1 in cured blend
samples ECF713 (Fig. 3). The ACBN group was also

not observed in the cured blend. This was perhaps
due to lower volume fraction of CTBN in the blend
system. Another possibility is that it could also be
utilized in network modification. The blend also
showed the appearance of new stretched peaks
between 1258–1635 cm�1 and 1046 cm�1 and peak
broadening at 1608 cm�1 owing to CAC multiple
stretching.21,22

Thermo gravimetric analysis

Thermal stability

Thermo gravimetric (TG) analysis is one of the most
widely used technique to measure the thermal sta-
bility of the polymeric samples. In this, the rate of
weight loss is measured as a function of pro-
grammed rate of increase in temperature (dynamic
mode). The thermogram of the sample, therefore,
provides the onset temperature (To) of reaction cor-
responding to the first detectable temperature at
which the degradation of the material starts, maxi-
mum decomposition temperature at which the maxi-
mum rate of weight loss (Tmax) occurs, and the final
degradation temperature (Tf) corresponds to the
temperature after which no weight loss is observed.
Percentage char yield corresponds the ablative per-
formance of the materials. The initial degradation
temperature (IDT) is to be considered after 3–5%
weight loss as in the initial stages impurities and
moisture present in the system decompose first.
The dynamic thermogravimetric (TG) as well as

the differential thermo gravimetric (DTG) traces of
pure epoxy and its blend sample (i.e. samples ECF710
and ECF713) containing stiochiometric amounts of
polyamine obtained at programmed heating rate of
10�C/min are shown in Figures 4 and 5, respectively.
The data on initial (To), peak (Tmax) and final (Tf)Figure 3 FTIR of cured blend sample ECF713.

Figure 4 TGA Trace of blend sample ECF710.

Figure 2 FTIR spectrum of uncured blend sample ECF713.
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decomposition temperatures as well as char residue
at 800�C, derived from these traces are given in Table
II for different epoxies and their blend samples. The
data clearly indicate that pure epoxies and their
blend samples showed two-step mass-loss in TG
traces and the shoulders observed in DTG traces
also indicated a two-step thermal degradation pro-
cess. It is clear that the thermal stability of epoxi-
dized novolac resins with dicarboxylic acid

catalysts, viz. oxalic and succinic acids was better
than the epoxidized novolac resins based on tricar-
boxylic acid (i.e. citric acid). Similar behavior was
observed in blend samples containing 15 wt %
CTBN. This might be because of the structure of
novolac resins prepared with these catalysts.
Because of the addition of rubber, i.e. 15 wt % pro-
portion of CTBN along with polyamine, the TGA
studies showed the enhancement in the thermal sta-
bility of the blends and also showed an increase in
the final degradation temperatures (refer Table II).
The first degradation peaks were marginally shifted
to higher temperature scale with 15 wt % CTBN
addition in all the blend systems. Further rise in
temperature, e.g. in the temperature range of 400–
420�C, the rubber might start functioning as thermal
stabilizer23,24 and, thus, resulted in an increase in
the thermal stability of epoxy-CTBN blends for all
blend samples (refer Table II).
Percent weight loss at characteristic peak tempera-

tures as enumerated in Table II also justified
enhanced thermal stability of the rubber modified
blend systems compared to neat epoxies. Plots of
derived weight loss versus temperatures for various
epoxy-CTBN systems have also been shown in the
Figures 4 and 5. Evolution of low boiling volatiles
such as water and toluene from the resin alone were

TABLE II
Results of TG/DTG Traces of Unmodified and CTBN-Modified Cardanol-Based

Epoxidized Novolac Resins Cured with Polyamine

Blend sample

First step Second step

Total % CYTo Tmax Tf % ML To Tmax Tf % ML

ECF510 193 317 337 49.9 337 435 490 47.0 2.9
ECF513 195 305 353 54.4 353 438 491 41.6 4.0
ECF520 199 316 343 49.3 343 438 498 47.2 3.5
ECF523 202 305 355 53.8 355 438 491 42.1 4.1
ECF530 206 316 336 50.0 336 430 480 46.4 3.4
ECF533 220 312 360 52.5 360 433 491 43.2 4.3
ECF610 192 312 328 51.9 328 435 490 46.7 1.3
ECF613 214 305 353 56.3 353 438 486 39.1 4.6
ECF620 191 324 343 50.1 343 434 486 48.5 1.4
ECF623 226 322 345 61.7 345 428 481 35.0 3.3
ECF630 270 329 360 67.4 360 375 485 30.8 1.8
ECF633 272 33 349 53.3 349 430 486 44.0 2.7
ECF710 223 326 359 53.8 354 442 500 42.0 4.2
ECF713 232 318 359 61.4 359 439 508 33.5 5.1
ECF720 228 317 374 60.1 374 386 508 36.0 3.9
ECF723 230 301 349 80.2 349 360 475 13.3 6.5
ECF730 236 322 349 52.4 349 435 491 44.7 2.9
ECF733 239 323 350 53.2 350 428 486 43.0 3.8
ECF810 191 319 350 49.5 350 437 475 47.4 3.1
ECF813 198 318 353 63.0 353 444 485 33.2 3.8
ECF820 194 318 346 50.5 346 438 485 45.3 4.2
ECF823 200 327 361 56.5 361 425 480 38.5 5.0
ECF830 235 325 355 51.4 355 465 496 44.5 4.1
ECF833 239 321 353 63.2 353 434 477 32.0 4.8

To, onset temperature of degradation; Tmax, temperature of maximum rate of mass loss; Tf, extrapolated final decompo-
sition temperature; ML, mass loss; CY, char yield.

Figure 5 TGA trace of blend sample ECF713.
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by and large not affected by the presence of rub-
ber.20 Therefore, the degradation peaks related to
pure epoxies showed no significant changes by the
addition of rubber. Subsequent to that, participation
of the aromatic groups of cardanol at higher temper-
atures were delayed due to the presence of rubber
indicating higher thermal stability of the blends and
the extent of improvement might depend on the
concentration of rubber.25–27 The higher char yield of
the blend systems (refer Table II) could be attributed
to the presence of more cross-links present in the
blend systems24 as a result of curing which further
confirmed the higher thermal stability of the blend
systems.

Study of kinetic parameters

The kinetic parameters, viz., order of reaction (n),
energy of activation (E) and pre-exponential factor
(Z) for thermal decomposition of the blend of epoxi-
dized novolac resin and CTBN cured with poly-
amine were evaluated by the data obtained from the
dynamic thermograms from TGA.28–30 The data
obtained from TG curves were utilized in solving
Coats–Redfern equation31 (Scheme 1).

The fractional decomposition a for the respective
temperature was calculated from the TG curves.
Graphs were plotted between X and Y (Scheme 1),

as per Coats–Redfern equation, for different values
of n ranging between 0 and 2 for both the steps
of all prepared samples. The best-fit values of n

TABLE III
Linear Regression Analysis for Pure Epoxy and its Blend samples

S.
no.

Sample
code

Plot of X and Y

Linear regression analysis R2 nSlope Intercept

I-step II-step I- step II-step I-step II-step I-step II-step I-step II-step

1 ECF510 �0.99462 �7.5264 �4.198 6.778 y ¼ �0.9933 � �4.1531 y ¼ �0.1262 � þ0.9404 0.9879 0.9538 0.5 2
2 ECF513 �1.55354 �3.31267 �3.484 �0.3486 y ¼ �0.4837 � �1.3355 y ¼ �0.3348 � �0.3138 0.9277 0.9824 0.5 2
3 ECF520 �1.093 �5.747 �4.086 3.818 y ¼ �0.8161 � �3.1811 y ¼ �0.1863 � þ0.5868 0.9703 0.9856 0.5 2
4 ECF523 �2.21041 �2.27865 �2.627 5.944 y ¼ �0.8299 � �3.2494 y ¼ �0.179 � þ0.628 0.8909 0.8639 0.5 2
5 ECF530 �0.91511 �5.7385 �4.315 3.763 y ¼ �1.0247 � �4.3314 y ¼ �0.1529 � þ0.7827 0.9378 0.9504 0.5 2
6 ECF533 �1.55356 �4.52114 �3.465 1.585 y ¼ �0.5975 � �1.9694 y ¼ �0.2511 � þ0.1602 0.99086 0.9717 0.5 2
7 ECF610 �1.1576 �4.2085 �4.008 1.235 y ¼ �0.799 � �3.0932 y ¼ �0.2316 � þ0.3298 0.9249 0.9746 0.5 2
8 ECF613 �1.68045 �3.78962 �3.308 .3979 y ¼ �0.5416 � �1.6657 y ¼ �0.2915 � �0.076 0.9853 0.9228 0.5 2
9 ECF620 �1.2524 �5.81298 �3.826 3.733 y ¼ �0.1208 � þ0.787 y ¼ �0.136 � þ0.8632 0.9340 0.9923 0.5 2

10 ECF623 �1.54839 �5.27282 �3.445 2.747 y ¼ �0.584 � �1.8755 y ¼ �0.2009 � þ0.4451 0.99086 0.9740 0.5 2
11 ECF630 �0.99861 �0.9748 �2.077 5.577 y ¼ �0.3823 � �0.809 y ¼ �0.1507 � þ0.7054 0.9972 0.9504 1.0 2
12 ECF633 �1.59816 �7.69808 �3.365 6.581 y ¼ �0.6177 � �2.0605 y ¼ �0.1473 � þ0.7439 0.9987 0.9809 0.5 2
13 ECF710 �1.53943 �4.59789 �3.480 1.5881 y ¼ �0.6192 � �2.0888 y ¼ �0.2267 � þ0.2856 0.9937 0.9574 0.5 2
14 ECF713 �2.15632 �5.30723 �2.607 2.6323 y ¼ �0.4178 � �0.9489 y ¼ �0.2068 � þ0.3772 0.9998 0.9504 0.5 2
15 ECF720 �1.98428 �5.8579 �2.912 3.851 y ¼ �0.0738 � þ1.053 y ¼ �0.1606 � þ0.7196 0.99720 0.9832 1.0 2
16 ECF723 �0.88907 �3.92507 �4.377 0.7905 y ¼ �1.0225 � �4.3465 y ¼ �0.2624 � þ0.1527 0.97729 0.9906 0.5 2
17 ECF730 �1.16281 �6.88434 �3.975 5.527 y ¼ �0.8473 � �3.3465 y ¼ �0.1393 � þ0.8387 0.9853 0.9896 0.5 2
18 ECF733 �1.34889 �5.06875 �3.723 2.494 y ¼ �0.7206 � �2.6434 y ¼ �0.2228 � þ0.3265 0.9988 0.9857 0.5 2
19 ECF810 �1.11261 �7.08657 �4.048 5.944 y ¼ �0.9042 � �3.6687 y ¼ �0.1318 � þ0.8974 0.9821 0.9854 0.5 2
20 ECF813 �2.24179 �3.55939 �2.544 �0.189 y ¼ �0.4031 � �0.891 y ¼ �0.3114 � �0.2499 0.9925 0.9355 0.5 2
21 ECF820 �1.11131 �5.14861 �4.062 2.756 y ¼ �0.8929 � �3.6149 y ¼ �0.1716 � þ0.6777 0.9972 0.9796 0.5 2
22 ECF823 �2.49804 �7.0236 �2.313 5.446 y ¼ �0.3969 � �0.9056 y ¼ �0.1611 � þ0.6544 0.9937 0.9574 1.0 2
23 ECF830 �1.22715 �6.607 �3.831 4.996 y ¼ �0.9315 � �3.8057 y ¼ �0.1498 � þ0.765 0.9998 0.9900 0.6 2
24 ECF833 �1.9886 �17.178 �2.873 22.102 y ¼ �0.0462 � þ1.359 y ¼ �0.0462 � þ1.359 0.9954 0.7449 0.5 2

Scheme 1 Coats–Redfern equation.
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(Table III) were utilized to calculate the other kinetic
parameters of the decomposition reaction. Figure 6
showed the best fit plot for samples ECF710 and
ECF713, for both the steps, with different order of
decomposition, as obtained during the best fit analy-
sis. It is clear from Figure 6 that the first step of
pure epoxy and its blend preceded with 0.5th order
whereas the order of reaction for second step, in
both the cases, was found to be of second order.
This was further confirmed by the linear regression

analysis using computer software and regression
equations (Table III). The values of coefficient of
determination, R2, for each step, were evaluated
(refer Table III). The values of R2 indicated the suit-
ability of the data and its value was very close to
one in both the steps.
The two steps were analyzed separately and the

kinetic parameters are presented in Table IV. The
activation energy of second step is higher (calculated
and plot values of E) than the first step. The varia-
tion in E (Figs. 7–10) was found to be random but
with an associated proportional variation in Z (Table
IV), a phenomenon common in non isothermal ki-
netic treatments.32 The values of E, in the first step,
for pure epoxy samples prepared from novolac res-
ins with dicarboxylic acids, increased slowly,
reached its maximum value at C/F ¼ 0.7 and
decreased thereafter (Fig. 7) whereas for epoxy sam-
ples prepared from novolac resins with tricarboxylic
acid, the values of E increased sharply and reached
its peak value at C/F ¼ 0.6 (Fig. 7). In the second
step of decomposition, the values of E showed their
maximum value at C/F ¼ 0.7 for both di- and tri-car-
boxylic acids (Fig. 8). Similar trends were seen for
blend samples for both the steps (Figs. 9 and 10).
The rate constant at an arbitrary temperature was
calculated for each stage using Arrhenius relation
(K ¼ Ze�E/RT). It was found that the blend samples

TABLE IV
Variation of E, Z and k Values with CTBN concentration

S. no.
Sample
code

E, kJ mol�1 Z � 10�4, s�1 k � 10�7, s�1)

Calculated Plot Calculated Plot Calculated Plot

I-step II- step I-step II- step I-step II- step I-step II-step I-step II- step I-step II-step

1 ECF510 34.73 88.22 36.89 93.42 3.61 10.2 4.13 12.8 3.59 9.99 3.91 19.9
2 ECF610 40.42 146.95 46.73 151.42 3.84 16.6 4.99 17.3 3.8 16.1 4.08 21.3
3 ECF710 53.75 160.55 59.89 169.37 6.04 12.6 6.32 13.8 5.97 12.2 6.75 15.6
4 ECF810 38.85 142.69 46.77 153.93 8.41 15.6 9.75 19.6 3.78 15.1 4.81 19.7
5 ECF520 38.1 130.84 43.59 140.26 3.7 14.7 4.49 15.1 3.71 14.3 4.36 31.5
6 ECF620 43.73 168.06 49.11 174.31 5.32 13.9 6.69 15.2 5.27 13.4 5.87 18.9
7 ECF720 69.28 204.55 76.44 211.74 6.09 22.1 6.29 26.7 6.00 21.2 6.00 25.4
8 ECF820 38.80 179.78 47.39 183.94 6.11 14.5 6.98 14.9 5.22 13.9 5.98 17.9
9 ECF530 31.95 144.51 37.82 149.63 3.45 16.1 3.87 17.1 3.42 15.6 3.86 18.9

10 ECF630 69.78 173.71 73.99 183.22 7.38 13.8 7.98 15.1 7.28 13.3 8.20 18.4
11 ECF730 40.60 240.39 48.66 249.06 3.94 25.7 4.84 27.8 3.91 24.5 4.63 34.5
12 ECF830 42.85 230.70 50.38 242.93 2.54 18.8 2.63 20.2 5.07 18.0 5.67 27.0
13 ECF513 54.24 115.67 59.66 119.73 4.62 13.0 5.31 14.5 4.57 12.7 5.53 22.7
14 ECF613 58.67 202.16 64.91 208.74 6.68 15.4 7.43 16.0 6.61 14.8 7.11 21.8
15 ECF713 75.29 185.32 79.99 194.94 7.70 14.4 8.37 14.8 7.59 13.9 9.99 18.9
16 ECF813 78.28 194.12 85.01 201.77 5.27 58.1 6.63 63.1 5.25 18.0 6.05 29.1
17 ECF523 42.26 149.4 47.65 153.66 4.03 16.7 4.76 17.8 3.99 16.2 3.99 22.2
18 ECF623 54.06 184.12 61.87 189.87 6.11 14.6 6.99 14.9 6.04 14.0 6.66 23.6
19 ECF723 100.88 276.73 108.43 282.67 1.12 22.1 1.36 26.7 1.10 20.9 1.69 28.9
20 ECF823 87.22 245.25 93.79 256.78 5.12 23.8 5.93 25.6 3.79 62.2 4.31 69.6
21 ECF533 54.24 157.87 59.22 167.59 4.67 17.0 5.62 19.8 4.62 16.4 5.23 24.7
22 ECF633 90.72 268.80 96.27 272.37 9.09 27.5 9.79 29.8 8.94 26.1 9.40 31.2
23 ECF733 47.10 246.83 54.92 256.83 3.81 26.4 4.65 30.1 4.26 25.9 4.98 31.9
24 ECF833 69.43 250.3 76.91 259.3 3.81 59.3 4.71 67.8 5.66 24.3 6.14 31.7

Figure 6 Best-fit plot between X and Y.
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containing 15 wt % CTBN showed the lower value of
decomposition rate constants, in both the steps, than
the respective pure epoxy resins (refer Table IV).

Higher values of activation energy of the blend
system, in both the steps, may be attributed to the
presence of polynuclearity in the resin backbone
chain. Increasing the activation energy indicated the
steric hindrance of the molecules of more complex
structure of blends and the cured product with
polyamine. The curing reaction itself may be a com-
plex function of the energy of reactive molecules as
well as the relative configuration of the reactant
molecules reaction process may be hindered because
of the presence of polynuclear structure in the back-
bone. Hence, for a system to be perfectly cured,
higher energy was required. This is also clear from
the higher char yield of blend systems. Higher acti-

vation energy for the decomposition of blends led
to better thermal stability. This fact has been evi-
denced by various workers in the past33–37 for dif-
ferent systems.

CONCLUSIONS

The proposed mechanism for curing reaction of the
blend of cardanol-based epoxidized novolac resin
and CTBN in the presence of polyamine was found
to be well suitable for such systems as confirmed by
IR analysis. The addition of CTBN liquid rubber
improved the thermal stability of the cardanol-based
pure epoxy systems. The values of n were found to
be second in most of the studied systems whereas,
in the first step, the values of n are different for dif-
ferent epoxies and their blend systems. This was
based on purely statistical analysis. The values of E,

Figure 9 Variation of activation energy of blend samples
with C/F molar ratio for first step. The black and blank
bullets are for calculated and plot values, respectively.

Figure 10 Variation of activation energy of blend samples
with C/F molar ratio for second step. The black and blank
bullets are for calculated and plot values, respectively.

Figure 7 Variation of activation energy of pure epoxy
samples with C/F molar ratio for first step. The black and
blank bullets are for calculated and plot values,
respectively.

Figure 8 Variation of activation energy of pure epoxy
samples with C/F molar ratio for second step. The black
and blank bullets are for calculated and plot values,
respectively.
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in the first step, for pure epoxy samples prepared
from novolac resins with dicarboxylic acids,
increased slowly, reached its maximum value at
C/F ¼ 0.7 and decreased thereafter whereas for ep-
oxy samples prepared from novolac resins with tri-
carboxylic acid, the values of E increased sharply
and reached its peak value at C/F ¼ 0.6. A similar
behavior was observed with the values of pre-expo-
nential factor (Z).

We thankfully acknowledge the contributions rendered by
M/s Satya Cashew Pvt. Ltd., Chennai for providing cardanol
and M/s Emerald Performance Materials, LLC, Hong Kong
for providing CTBN.
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