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Abstract

Thermal degradation kinetics of epoxy±anhydride resins has been studied by thermogravimetry in both, isothermal and non-

isothermal conditions. It was found that the kinetics of thermal degradation can be fairly described by a simple reaction-order

model. The calculated kinetic parameters, Ea and n, are considerably lower for pure resin than for resin containing silica ®ller.

Therefore, the addition of silica ®ller increases thermal degradation rate of the resin. A difference was also observed between

the set of kinetic parameters obtained by kinetic analysis of isothermal and non-isothermal data, particularly with respect to

the activation energy. # 1998 Elsevier Science B.V.
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1. Introduction

Thermogravimetric analysis is a technique widely

used to study the thermal degradation of polymeric

materials which is affected by their structure, the type

of curing agents and additives. Different methods have

been proposed to study the kinetics of such process

either by isothermal or non-isothermal conditions, see

Refs. [1,2]. Special interest pertains the analysis in

non-isothermal conditions [3±5]. Some of these meth-

ods have been applied to a thermal degradation of

epoxy resins [6,7]

The main objective of this work is to study the

kinetics of thermal degradation of an epoxy resin in

isothermal and non-isothermal conditions using an

analysis based on the methodology introduced by

MaÂlek [8,9] for analysis of calorimetric data. Kinetic

parameters are obtained from both isothermal and

non-isothermal data and the limits of applicability

of a simple kinetic equation are analyzed. The effect

of a silica ®ller on the degradation kinetics is also

studied.

2. Theory

In TG experiments the change of the sample

mass is registered as a function of temperature

(non-isothermal experiments) or time (isothermal

experiment). The fractional extent of reaction is
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expressed as

� � m0 ÿ m

m0 ÿ m1
(1)

where m is an actual mass at time t (or at temperature

T), m0 the initial sample mass and m1 the mass at the

end of isothermal or non-isothermal experiments.

The differential kinetic equation can be expressed

as [1]

d�

dt

� �
� Aeÿxf ��� (2)

where A is a pre-exponential factor of the Arrhenius

type rate constant and x the reduced apparent activa-

tion energy (x�Ea/RT ). The function f(�) in Eq. (2) is

an analytical expression describing the kinetic model

of the studied thermal decomposition process

(Table 1). The mutual correlation of Arrhenius kinetic

parameters (apparent activation energy and pre-expo-

nential factor) and kinetic model does not allow an

accurate kinetic analysis to be performed by using

only one experimental TG [1,10]. This problem can be

solved by calculating the apparent activation energy

from several isothermal (or non-isothermal) experi-

ments and by determining the most probable kinetic

model, as described in Sections 2.1 and 2.2.

2.1. Isothermal kinetics

By integration of Eq. (2) in isothermal conditions

the following equation is obtained:

g��� �
Z�
0

d�

f ��� � Aeÿx � t (3)

The apparent activation energy of the decomposition

process in isothermal conditions can be calculated by

isoconversional method which follows from logarith-

mic form of Eq. (3):

ln t � ln�g���=A� � Ea

RT
(4)

The slope of ln t vs. 1/T for the same value of � gives

the value of apparent activation energy. This proce-

dure can be repeated for various values of �. There-

fore, the method provides a check of invariance of Ea

with respect to � in the 0.3<�<0.7 range, which is one

of basic assumptions in kinetic analysis of TG data.

Combining Eqs. (2) and (3) a new function Z(�) can

be de®ned:

Z��� � d�

dt

� �
t � f ���g��� (5)

For practical reasons this function is normalized

within the (0, 1) interval. It was shown by MaÂlek

[9] that the maximum of this function (usually labeled

�1p ) has characteristic values for basic kinetic models

as shown in Table 1. It is seen that the �1p is constant

for D2, D3, D4 and JMA(m) model. On the other hand,

it depends on particular value of kinetic exponent for

the RO(n) or SB(M, N) model. Therefore, the function

Z(�) is useful for basic classi®cation of possible

kinetic model but it is not suf®cient for an unambig-

uous determination of true kinetic model function

f(�). In isothermal conditions, however, the term

Aeÿx in Eq. (2) is constant and the reaction rate

(d�/dt) is proportional to the f(�) function:

Y��� � d�

dt

� �
� f ��� (6)

Therefore, if the reaction rate is plotted as a function

� its shape corresponds to the f(�) function. It is

Table 1

The kinetic models and maxima of the z(�) function ��1p � and y(�) function (�M)

Model Symbol f(�) �1p �M

Reaction order RO(n) (1ÿ�)n 1ÿn1/(1ÿn) 0

Johnson±Mehl±Avrami JMA(m>1) m(1ÿ�)[ÿln(1ÿ�)]1ÿ1/m 0.633 1ÿexp(1/mÿ1)

SÏestaÂk±Berggren SB(M,N) a �M(1ÿ�)N (0,�p) M/(M�N)

2D-diffusion D2 ÿ1/ln(1ÿ�) 0.834 0

Jander eqn. D3 3(1ÿ�)2/3/2[1ÿ(1ÿ�)1/3] 0.704 0

Ginstling±Brounshtein D4 3/2[(1ÿ�)ÿ1/3ÿ1] 0.776 0

a The SB model is valid for 0<M<1 ([14]).
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convenient to normalize the Y(�) plot within (0, 1)

interval. The shape of this plot is characteristic

for each kinetic model and it can be used as a

diagnostic probe for kinetic model determination.

The following rules can be formulated [8±10] in

this respect:

1. If the Y(�) function has a maximum at �M�0 then

it can be convex, linear or concave. Convex

dependence corresponds to RO(n<1) model, linear

dependence to the JMA(m�1) or RO(n�1) model

(these two models are formally identical) and

concave dependence to the JMA(m<1), D2, D3,

D4 and RO(n>1) model.

2. If the Y(�) function exhibit a maximum in interval

�M2(0, �p) (where �p is the fractional extent of

reaction at the maximum d�/dt) then it corresponds

to the SB(M, N) or JMA(m>1) model. The math-

ematical condition for these maxima are shown in

Table 1.

Thus, the shape of both Y(�)�(d�/dt) and Z(�) func-

tion can be used conveniently for the determination of

the most probable kinetic model [9]. It is seen that in

isothermal conditions the kinetic model can easily be

determined by simple transformation of experimental

data. The kinetic exponent for the RO(n) model can be

obtained from the maximum, �1p , of the Z(�) function

and the kinetic exponents of JMA(m>1) and SB(M,N)

are obtained from maximum, �M, of the Y(�) function

(Table 1).

2.2. Non-isothermal kinetics

The apparent activation energy of the decomposi-

tion process in non-isothermal conditions can be

calculated by isoconversional method [11] which

follows from logarithmic form of Eq. (2):

ln
d�

dt

� �
� ln�Af ���� ÿ Ea

RT
(7)

The slope of ln(d�/dt) vs. 1/T for the same value of �
gives the value apparent activation energy. Similarly,

as described in Section 2.1, the apparent activation

energy can be calculated for various values of � and in

this way it is possible to verify an invariance of Ea with

respect to �.

In non-isothermal conditions when the temperature

rises at a constant heating rate �, then we obtain

after integration of Eq. (2) the following equation

[1,9]:

g��� � Aeÿx T

�
��x�

� �
(8)

where �(x) is an approximation of the temperature

integral. There are various expression of the �(x) term

in the literature [1]. The rational expression of Senum

and Yang [12] gives suf®ciently accurate results:

��x� � x3 � 18x2 � 86x� 96

x4 � 20x3 � 120x2 � 240x� 120
(9)

Combining Eqs. (2) and (8), we can obtain following

expression for the z(�) function in non-isothermal

conditions [9]:

z��� � d�

dt

� �
T

�
��x�

� �
� f ���g��� (10)

Recently, it was found by numerical simulations [13]

that the term in brackets in Eq. (10) is proportional to

T2. Therefore, the expression for the z(�) function can

be substantially simpli®ed:

z��� � d�

dt

� �
T2 (11)

Using Eq. (11), the z(�) function can be obtained by a

very simple transformation of experimental data just

by multiplying measured reaction rate (d�/dt) by T2

and then normalizing within the (0,1) interval. Simi-

larly, as in isothermal conditions this can be done

without the knowledge of any kinetic parameter. On

the other hand, in non-isothermal conditions the reac-

tion rate (d�/dt) is not directly proportional to f(�) as

the term Aeÿx is not constant. However, the shape of

f(�) function can be obtained from the y(�) function

de®ned as [9]:

y��� � d�

dt

� �
ex � Af ��� (12)

This function is usually normalized also within

(0, 1) interval. It has the same mathematical properties

as those for isothermal conditions. However, as

evident from Eq. (12) for calculation of y(�) function

it is necessary to know the apparent activation energy

in the case of non-isothermal conditions.

S. Montserrat et al. / Thermochimica Acta 313 (1998) 83±95 85



3. Experimental

The epoxy resin studied was a commercial epoxy

resin based on diglycidyl ether of bisphenol A

(DGEBA), named Araldite CY225 from CIBA-

GEIGY (epoxy equivalent of 121.3 g/equiv) cured

by a cyclic carboxylic anhydride derived from methyl

tetrahydrophthalic anhydride, hardener CY225

(CIBA-GEIGY) with accelerator incorporated. The

epoxy resin and the hardener were mixed in the weight

ratio of 100:80, and vigorously stirred at room tem-

perature for ca. 20 min. The mixture was then

degassed under vacuum and cured isothermally at

1308C for 8 h. This fully cured epoxy will be referred

to as epoxy CY. The other resin used has the same

mode of preparation but with the addition of silica

(CIBA-GEIGY ®ller Q5) in the weight ratio of

epoxy:silica:hardener�100:125:80. The latter resin

will be referred as epoxy CYSI. The curing conditions

of epoxy CYSI were the same as in CY.

The thermogravimetric measurements were carried

out by a TG-50 thermobalance coupled to a MET-

TLER TA4000 instrument. Non-isothermal experi-

ments were performed at heating rate of 2.5, 5, 10,

15 and 20 K/min. In the isothermal experiments, the

furnace was heated up to the desired temperature.

Then the sample was introduced, and the weight loss

was measured over a period between 5 and 15 h

depending on the experiment temperature. In both

cases, powdered samples of ca. 7 mg were used and

a nitrogen gas ¯ow of 200 ml/min was permanently

applied.

4. Results and discussion

4.1. Isothermal degradation kinetics

Thermal degradation in isothermal conditions was

studied in the 3408C�T�3808C range for the CY

sample and 3208C�T�3608C for the CYSI sample.

These conditions are determined by the given TG

instrument as well as by the kinetics of the thermal

degradation process of epoxy resins. Outside the

speci®ed temperature ranges, it is quite dif®cult to

obtain reliable TG data. At higher temperatures, the

thermal degradation is so fast that the initial part of TG

curve might be lost during the instrument settling

period. In contrast, at lower temperatures the thermal

degradation becomes very slow and it is not so easy to

determine correctly the relative mass loss correspond-

ing to completely degraded sample.

Typical isothermal TG curves for the CY sample

and the CYSI sample at 3608C normalized with

respect to the initial sample weight are shown in

Fig. 1. Broken lines show relative mass loss corre-

sponding to completely degraded samples. For the CY

sample, it was taken at 3808C after 10 h but practically

same value is also obtained for lower temperatures at

370 and 3608C. In contrast, the constant value was not

reached for comparable time and temperatures in the

case of the CYSI sample. In this case, the relative mass

loss corresponding to completely degraded sample

was taken from non-isothermal experiment at 2.5 K/

min. Fig. 1 shows that the CY sample loses a weight

fraction of 0.84, while the CYSI sample loses a

fraction 0.37, against the expected loss of ca. 0.50,

according to the composition of this resin with a

content of 41% silica ®ller. This fact may suggests

that the ®ller may be promoting a different char-

forming reaction in nitrogen atmosphere. Using these

limiting values the TG curve can easily be transformed

to �(t) plots and then analyzed by isoconversional

method (Eq. (4)) as described in Section 2.1. This

method enables plotting of apparent activation energy

Ea as shown in Fig. 2. Any point in this ®gure (corre-

sponding to Ea for constant �) was obtained from the

slope of ln t vs. 1/T plot within the certain error limits

(speci®ed by bars). As mentioned in Section 2, the

apparent activation energy should be invariant with

respect to � in the 0.3<�<0.7 range. In fact the value

of Ea increases with fractional conversion being higher

and more � dependent for the CYSI sample. It should

be pointed out that a more pronounced Ea±� plot may

be a consequence of more complex mechanism con-

trolling thermal degradation process. An inspection of

Fig. 2 shows ca. 7% variation for the CY sample and

ca. 13% for the CYSI sample. These changes are

higher than the average error limit which corresponds

to 2% for the CY sample and 4% for the CYSI sample,

respectively. Therefore, average values of apparent

activation energy determined in the 0.3<�<0.7 range

are 173�12 kJ/mol for the CY sample and 202�26 kJ/

mol for the CYSI sample.

As anticipated in Section 2.1, for reliable kinetic

analysis of thermogravimetric data in isothermal con-
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Fig. 1. Isothermal TG curves for the CY and CYSI sample (T�3608C) normalized to the initial sample weight. Broken lines show the limits

used for calculation of fractional conversion �.

Fig. 2. The apparent activation energy calculated from isothermal TG data plotted as a function of fractional conversion for the CY sample

(~) and the CYSI sample (&). The points were calculated by the isoconversional method using Eq. (4) and the lines are drawn as guides for

the eye.
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ditions it is necessary to determine kinetic model. This

can be easily done by using the Y(�) and Z(�) func-

tions. These functions were obtained from isothermal

experimental (d�/dt) data using Eqs. (5) and (6) and

they are shown in Figs. 3 and 4 for CY and CYSI

sample, respectively. The shape of the Z(�) function is

practically invariant with respect to temperature. In

both cases, the Y(�) function is concave (see inset of

Fig. 3) and the maxima of Z(�) function is �1p < 0:5.

The most probable kinetic model is, therefore,

RO(n>1) model. Knowing the kinetic model the equa-

tion for isothermal �(t) curve is obtained from Eq. (3).

For the RO model it can be written in the following

form:

��t� � 1ÿ �1ÿ t�1ÿ n�Aeÿx�1=�1ÿn�
(13)

The value of reduced activation energy is constant in

isothermal conditions (x�Ea/RT) and it can easily be

calculated for average value of apparent activation

energy obtained by isoconversional analysis (see

above). The values of parameters n and A can then

be obtained by non-linear regression of experimental

data. The average values obtained for both CY sample

(3408C�T�3808C) and CYSI sample (3208C�

T�3608C) are shown in Table 2. About 20% increase

in the value of pre-exponential factor for the CYSI

sample corresponds to the slight increase of activation

energy in comparison with the CY sample. Never-

theless, the value of kinetic exponent n is considerably

higher for the CYSI than for the CY sample and this

change cannot be explained only by the differences in

activation energy and it seems that the ®ller may be

promoting quite different mechanism of thermal

Fig. 3. The Z(�) functions for the CY sample calculated using Eq. (5) for various isothermal experiments: (&) 3808C; (&) 3708C; (~)

3608C; (~) 3508C; (}) 3408C. Broken lines correspond to theoretical maxima calculated using Eq. (14). The inset shows the Y(�) function

for the same sample (T�3608C) calculated using Eq. (6).

Table 2

The kinetic parameters obtained by non-linear regression of

isothermal data using Eq. (13) and constant value of activation

energy (173 kJ/mol for the CY sample and 202 kJ/mol for the

CYSI sample

CY CYSI

T/8C n ln(A/min) n ln(A/min)

380 1.47 29.98 Ð Ð

370 1.50 29.95 Ð Ð

360 1.50 30.05 2.73 36.74

350 1.80 30.20 2.93 36.65

340 1.96 30.22 3.20 36.90

330 Ð Ð 3.20 36.90

320 Ð Ð 3.36 36.69
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degradation process. The maximum of the Z(�) func-

tion for the RO model can be expressed as a function

of the kinetic exponent:

�1p � 1ÿ n1=�1ÿn� (14)

Using this equation the limiting values of �1p were

calculated for the kinetic exponent (within the error

limits) determined from data shown in Table 2. These

calculated limiting values are compared (broken lines)

with the experimental Z(�) function (points) in Figs. 3

and 4. There is quite good agreement between maxima

of experimental Z(�) functions and values calculated

from Eq. (14).

Figs. 5 and 6 show the comparison of experimental

data (points) and calculated �(t) plots for the CY and

CYSI sample (full lines). The �(t) curves were calcu-

lated using Eq. (13) for the kinetic parameters shown

in Table 2. There is quite good agreement between

experimental data and the prediction of the RO model.

Some discrepancies are observed only for the CYSI

sample at higher temperatures (T>3408C). These dis-

crepancies can probably be explained to be a conse-

quence of higher variation of Ea with � for the CYSI

sample. Strictly speaking, Eq. (13) is valid only for a

constant value of apparent activation energy. This

assumption is evidently not ful®lled when a silica

®ller is incorporated into the epoxy resin. The thermal

degradation rate is considerably higher for the CYSI

sample in the temperature range studied. This obser-

vation is consistent with higher value of both the

activation energy and the kinetic exponent n for the

CYSI sample.

4.2. Non-isothermal degradation kinetics

The thermogravimetric curves in non-isothermal

conditions were obtained at different heating rates

ranging from 2.5 to 20 K/min. Typical non-isothermal

DTG curves for the CYand CYSI sample are shown in

Fig. 7 for heating rate 5 K/min. The DTG curve can

easily be transformed to �(t) plots and then analyzed

by isoconversional method (Eq. (7)) as described in

Section 2.2. This method enables plotting of apparent

activation energy Ea as shown in Fig. 8. Any point in

this ®gure (corresponding to Ea for constant �) was

obtained from the slope of ln(d�/dt) vs. 1/T plot within

the certain error limits (speci®ed by bars). Similarly as

it was observed for isothermal TG data also in this case

the value of Ea increases with fractional conversion a

Fig. 4. The Z(�) functions for the CYSI sample calculated using Eq. (5) for various isothermal experiments: (&) 3608C; (&) 3508C; (~)

3408C; (~) 3308C. Broken lines correspond to theoretical maxima calculated using Eq. (14).
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Fig. 5. Isothermal TG curves for the CY sample measured at different temperatures: (&) 3808C; (&) 3708C; (~) 3608C; (~) 3508C; (})

3408C. Full lines were calculated using Eq. (13) for the kinetic parameters shown in Table 2.

Fig. 6. Isothermal TG curves for the CYSI sample measured at different temperatures: (&) 3608C; (&) 3508C; (~) 3408C; (~) 3308C; (})

3208C. Full lines were calculated using Eq. (13) for the kinetic parameters shown in Table 2.
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Fig. 7. Non-isothermal DTG curves for the CY sample (full line) and the CYSI sample (broken line). Heating rate: 5 K/min.

Fig. 8. The apparent activation energy calculated from non-isothermal DTG data plotted as a function of fractional conversion for the CY

sample (~) and the CYSI sample (&). The points were calculated by the isoconversional method using Eq. (7) and the lines are drawn as

guide for the eye.
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being higher and more a dependent for the CYSI

sample. The variation of Ea in the 0.3<�<0.7 ranges is

within ca. 1% for the CY sample and ca. 8% for the

CYSI sample. Nevertheless, the average error limit

corresponds to 10% for the CY sample and 5% for the

CYSI sample, respectively. Thus, the error limit for

the CY sample is ten times higher than the variation of

the Ea±� plot. This fact should be taken into account

when the average values of apparent activation energy

is determined. The values, determined in the

0.3<�<0.7 range are 198�21 kJ/mol for the CY sam-

ple and 249�19 kJ/mol for the CYSI sample. These

values are higher than the average activation energies

obtained from isothermal data.

The most probable kinetic model can be determined

using the y(�) and z(�) functions (Section 2.2). These

functions were obtained from non-isothermal experi-

mental (d�/dt) data using Eqs. (11) and (12) and they

are shown in Figs. 9 and 10 for CY and CYSI sample,

respectively. The shape of the z(�) function is practi-

cally invariant with respect to temperature. In both

cases, the y(�) function is concave (see inset in Fig. 9)

and the maxima of z(�) function is �1p < 0:6. The

most probable kinetic model is, therefore, RO(n>1)

model. If the kinetic model is known the equation for

non-isothermal �(T) curve can be obtained from

Eq. (8). For the RO model, it can be written in the

following form:

��T� � 1ÿ 1ÿ T
��x�
�

� �
�1ÿ n�Aeÿx

� �1=�1ÿn�

(15)

The temperature dependence of the reduced activation

energy (x�Ea/RT) can easily be calculated for average

value of apparent activation energy obtained by iso-

conversional analysis (see above). The values of para-

meters n and A can be obtained by non-linear

regression of experimental data. The average values

obtained for both CY sample and CYSI are shown in

Table 3. Similarly, as discussed for isothermal data the

values of pre-exponential factor and activation energy

are higher for CYSI sample. The value of kinetic

exponent n is also considerably higher for the CYSI

than for the CY sample. Using the Eq. (14) the limit-

ing values of �1p were calculated for the kinetic

exponent within the error limits determined from data

Fig. 9. The z(�) function for the CY sample calculated using Eq. (11) for various non-isothermal experiments: (&) 2.5 K/min; (&) 5 K/min;

(~) 10 K/min; (~) 15 K/min; (}) 20 K/min. Broken lines correspond to theoretical maxima calculated using Eq. (14). The inset shows the

y(�) function for the same sample calculated using Eq. (12) from experimental data corresponding to heating rate 5 K/min.

92 S. Montserrat et al. / Thermochimica Acta 313 (1998) 83±95



shown in Table 3. These calculated limiting values are

compared (broken lines) with the experimental z(�)

function (points) in Figs. 9 and 10. There is quite good

agreement between maxima of experimental z(�)

functions and values calculated from Eq. (14).

Figs. 11 and 12 show the comparison of experi-

mental data (points) calculated �(T) plots for the CY

and CYSI sample (full lines). The �(T) curves were

calculated using Eq. (15) for the kinetic parameters

shown in Table 2. There is quite good agreement

between experimental data and the prediction of the

RO model. Some discrepancies are observed only at

lower temperatures for slow heating rates. For the

CYSI sample, the �(T) curve is shifted to lower

temperatures for a given heating rate. This behavior

is consistent with higher value of activation energy

and the kinetic exponent n for the CYSI sample. The

results clearly indicate that the silica ®ller reduces the

thermal stability of epoxy resin studied though these

are relatively minor changes. Similarly, effects of

incorporation of different ®llers into the thermal

degradation of polyester resins have recently been

described [15].

4.3. Differences in isothermal and non-isothermal

kinetics

All kinetic results obtained in this work are con-

sistent with a thermal degradation described by a

`reaction-order' model which can be expressed as

Eq. (13) in isothermal conditions and as Eq. (15) in

non-isothermal conditions. Average kinetic para-

meters obtained by the analysis of our experimental

data are summarized in Tables 4 and 5. There is a

Fig. 10. The z(�) functions for the CYSI sample calculated using Eq. (11) for various non-isothermal experiments: (&) 2.5 K/min; (&) 5 K/

min; (~) 10 K/min; (~) 15 K/min; (}) 20 K/min. Broken lines correspond to theoretical maxima calculated using Eq. (14).

Table 3

The kinetic parameters obtained by non-linear regression of non-

isothermal data using Eq. (15) and constant value of activation

energy (198 kJ/mol for the CY sample and 249 kJ/mol for the

CYSI sample

CY CYSI

�/K minÿ1 n ln(A/min) n ln(A/min)

2.5 2.01 34.75 2.93 45.55

5 1.74 34.52 2.83 45.33

10 1.77 34.55 2.57 44.95

15 1.58 34.41 2.55 45.15

20 1.60 34.47 2.50 44.94
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Fig. 11. Non-isothermal TG curves for the CY sample measured at different heating rates: (&) 2.5 K/min; (&) 5 K/min; (~) 10 K/min; (~)

15 K/min; (}) 20 K/min. Full lines were calculated using Eq. (15) for the kinetic parameters shown in Table 3.

Fig. 12. Non-isothermal TG curves for the CYSI sample measured at different heating rates: (&) 2.5 K/min; (&) 5 K/min; (~) 10 K/min;

(~) 15 K/min; (}) 20 K/min. Full lines were calculated using Eq. (15) for the kinetic parameters shown in Table 3.
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difference in the value of activation energy (higher

than 15%) determined from isothermal and non-iso-

thermal experiments which cannot be explained by

uncertainties typical for this type of analysis of experi-

mental data. The value of kinetic exponent n obtained

from isothermal and non-isothermal data is practically

the same for the CY sample. In contrast a lower value

of n is obtained for the CYSI sample from non-

isothermal experiments. Therefore, it seems that the

thermal decomposition kinetics of epoxy resins stu-

died cannot be described by a unique set of kinetic

parameters valid in isothermal and non-isothermal

conditions. From this point of view the situation is

quite different than it was found for the curing reaction

kinetics [16].

5. Conclusions

From the analysis of isothermal and non-isothermal

TG data, it is possible to arrive at the following general

conclusions. The addition of silica ®ller increases

thermal degradation rate of the resin and, probably,

leads to a more complex mechanism of the process as

compared with pure epoxy resin. The kinetics of

thermal degradation can be fairly described by a

simple reaction-order model. The calculated kinetic

parameters are considerably lower for pure resin than

for resin containing silica ®ller. A difference was also

observed between the set of kinetic parameters

obtained by kinetic analysis of isothermal and non-

isothermal data, particularly with respect to the aver-

age value of apparent activation energy and the Ea±�
plots.

A further study is in progress to analyze the effect of

a reactive diluent on the thermal degradation kinetics

of epoxy resins.
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Table 4

The average kinetic parameters of thermal degradation of epoxy

resins CY and CYSI obtained from analysis of isothermal data

Material Ea/kJ molÿ1 n ln(A/min)

CY 173�12 1.7�0.2 30.1�0.1

CYSI 202�26 3.1�0.1 36.8�0.1

Table 5

The average kinetic parameters of thermal degradation of epoxy

resins CY and CYSI obtained from analysis of non-isothermal data

Material Ea/kJ molÿ1 n ln(A/min)

CY 198�21 1.7�0.2 34.5�0.1

CYSI 249�19 2.7�0.2 45.2�0.2
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