
Introduction

Curing selection for any epoxy-diamine system is a

crucial factor, because it can have a great effect on the

final properties of these materials [1–4]. After the TTT

diagram has been designed, the selection of the right

curing step sequence for an epoxy-diamine system is

critical in order to obtain the desired properties. One of

these is its resistance to thermal degradation. As it is

known, thermosetting materials have a great resistance

at high temperatures, but at temperatures around 350°C

these materials start degradation, that can be detected

through thermogravimetric analysis. At the same time,

the activation energy for this process can be obtained

using different solid-state kinetic models.

The present study was made on two epoxy sys-

tems that differ only in the curing cycle. In a previous

article [5], the influence of the curing cycle selection

on the thermal decomposition of two DGEBA

(n=0)/1, 2 DCH systems was studied. As a first step,

the activation energy of the thermodegradation process

was calculated using the Kissinger [6] (differential)

and the Flynn–Wall–Ozawa [7, 8] (integral) methods.

In this work, the activation energy of the thermal deg-

radation of these two DGEBA (n=0)/1, 2 DCH systems

was calculated through other models used frequently,

in order to obtain the solid-state mechanism that better

fits the thermodegradation process of the studied sys-

tems. Activation energies were compared to those ob-

tained through Kissinger and Flynn–Wall–Ozawa

methods reported in that previous work [5].

Kinetic methods

Kinetic information can be extracted from dynamic

experiments and kinetic parameters, which can be de-

termined using a large number of differential and in-

tegral kinetic methods that differ mainly on the math-

ematical treatment of experimental data.

The rate of conversion, dα/dt, is a linear function

of a temperature-dependent rate constant and a tem-

perature-independent function:
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Assuming an Arrhenius-type dependence, when

the temperature of a sample is changed by a con-

trolled and constant heating rate, β, the variation in

the degree of conversion can be expressed by the fol-

lowing equation:
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Integration of this equation from an initial tem-

perature, T0, corresponding to a zero degree of conver-
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sion, to the peak temperature of the derivative thermo-

gravimetric curve (DTG), Tp, where α=αp gives [9]:
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where g(α) is the integral function of conversion. To de-

rive Eq. (3), it was assumed that there was no reaction

between 0 and T0. Several kinetic models shown in Ta-

ble 1, together with the form of the g(α) functions

[10–12], were proposed.

In the case of polymers, this integral function,

g(α), is either a sigmoidal or a deceleration function.

These functions were satisfactorily employed for the

estimation of the solid-state reaction mechanisms from

non-isothermal TG experiments [8]. It was assumed

that the model associated with the best fitting to Eq. (3)

of a given set of experimental TG data, specifies the

most adequate mechanism and yields the relevant ki-

netic parameters. To facilitate discussion and compari-

son, the kinetic analysis of thermogravimetric data was

made following both differential and integral methods.

One of the most powerful differential methods

for the determination of kinetic parameters is the

Kissinger’s method [6]. This is an interesting model
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Table 1a Activation energies and correlation values obtained

using the Coats–Redfern method for several

solid-state processes a heating rate of 5 K min
–1

B system A system [23]

Ea/kJ mol
–1

R Ea/kJ mol
–1

R

A2 157.96 0.9976 294.41 0.9948

A3 102.01 0.9974 192.89 0.9946

A4 74.04 0.9973 142.08 0.9945

R1 306.63 0.9968 564.99 0.9934

R2 316.11 0.9973 582.22 0.9942

R3 319.32 0.9974 588.11 0.9944

D1 623.14 0.9969 1139.81 0.9936

D2 635.64 0.9972 1162.96 0.9940

D3 648.53 0.9975 1186.54 0.9945

D4 639.94 0.9973 1170.69 0.9942

F1 325.81 0.9978 598.97 0.9994

F2 29.36 0.9813 18.78 0.9942

F3 68.61 0.9861 37.56 0.9942

Table 1d Activation energies obtained using the Coats–Red-

fern method for several solid-state processes a heat-

ing rate of 35 K min
–1

B system A system [23]

Ea/kJ mol
–1

R Ea/kJ mol
–1

R

A2 263.56 0.9970 486.85 0.9922

A3 172.18 0.9969 320.94 0.9920

A4 126.49 0.9967 238.25 0.9917

R1 506.34 0.9961 927.12 0.9907

R2 521.84 0.9966 955.57 0.9916

R3 527.09 0.9968 965.21 0.9918

D1 1023.29 0.9962 1864.87 0.9908

D2 1043.65 0.9965 1902.81 0.9914

D3 1064.76 0.9969 1941.47 0.9919

D4 1050.72 0.9967 1915.49 0.9916

F1 537.70 0.9971 984.59 0.9924

F2 53.57 0.9850 106.95 0.9951

F3 117.72 0.9875 224.79 0.9956

Table 1b Activation energies obtained using the Coats–Red-

fern method for several solid-state processes a heat-

ing rate of 15 K min
–1

B system A system [23]

Ea/kJ mol
–1

R Ea/kJ mol
–1

R

A2 181.44 0.9975 299.77 0.9975

A3 117.54 0.9974 196.41 0.9973

A4 85.59 0.9972 144.42 0.9974

R1 351.26 0.9967 574.13 0.9967

R2 362.08 0.9972 591.75 0.9972

R3 365.74 0.9974 597.59 0.9973

D1 712.77 0.9968 1158.82 0.9967

D2 727.04 0.9971 1181.87 0.9971

D3 741.75 0.9974 1205.61 0.9974

D4 731.94 0.9973 1189.97 0.9972

F1 373.15 0.9977 609.67 0.9976

F2 34.54 0.9813 17.58 0.9903

F3 79.34 0.9856 35.15 0.9903

Table 1c Activation energies obtained using the Coats–Red-

fern method for several solid-state processes a heat-

ing rate of 25 K min
–1

B system A system [23]

Ea/kJ mol
–1

R Ea/kJ mol
–1

R

A2 216.03 0.9981 447.26 0.9941

A3 140.55 0.9980 294.64 0.9939

A4 102.81 0.9979 218.08 0.9938

R1 416.69 0.9975 851.38 0.9928

R2 429.42 0.9979 877.50 0.9935

R3 433.73 0.9980 886.25 0.9937

D1 843.80 0.9976 1717.21 0.9929

D2 860.58 0.9978 1747.64 0.9934

D3 877.87 0.9980 1783.03 0.9938

D4 866.32 0.9979 1759.74 0.9935

F1 442.45 0.9982 905.12 0.9942

F2 42.29 0.9770 97.23 0.9925

F3 94.97 0.9816 205.17 0.9933



because the activation energy of solid-state reactions

(from logarithmic plots of the heating rate vs. the in-

verse of temperature at the maximum of the reaction

rate, in constant heating rate experiments) can be ob-

tained without a precise knowledge of the n
th

order re-

action mechanism.

Integral methods

Integral methods involve an approximate integration

of Eq. (3). The methods discussed in the present paper

are Coats–Redfern [13], Van Krevelen et al. [14] and

Horowitz–Metzger [15] approaches. An important in-

tegral method is that proposed by Flynn–Wall–Ozawa

[7, 8]. The advantage of this method compared to the

others is that the activation energy can be determined

without the knowledge of the reaction order. The re-

sults obtained through the mechanisms mentioned be-

fore were compared to the activation energy values

calculated for the same systems using the Flynn–

Wall–Ozawa method. These methods are commonly

employed to apply the results in many diverse fields

apart from epoxy systems, such as biodegradable poly-

mers [16], medicine [17, 18], food industry [19], etc.

Coats–Redfern approach [13]

Coats–Redfern used an asymptotic approximation for

resolution of Eq. (3) obtaining:
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where g(α) is a degradation process function.

Activation energies for every degradation pro-

cess were determined from plots of ln[g(α)/T
2
] vs.

1000/T.

Van Krevelen et al. [14] and Horowitz and Metzger

[15] approaches

Van Krevelen et al. made the first serious theoretical

treatment of thermogravimetric data. These authors

approximated the exponential integral to obtain a fi-

nal equation in logarithmic form:
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and Tr is a reference temperature.

Horowitz and Metzger simplify the exponential

integral using an approximation similar to Van

Krevelen et al., defining a characteristic temperature

θ such that θ=T–Tr where Tr is a reference tempera-

ture. Making the approximation

1 1 1

T T T T

=

+

≅

r r r

2
θ

θ
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r

2
(6)

Both methods present the problem of the arbi-

trary selection of the reference temperature. In this

study, in order to obtain reproducible results, the ref-

erence temperature was taken as that corresponding to

the maximum temperature rate. We followed Van

Krevelen et al. and Horowitz and Metzger’s sugges-

tions when they say that the selection of this arbitrary

temperature does not affect the integral approxima-

tion of the kinetic model.

Using any of these two methods, the activation

energy can be determined without the precise knowl-

edge of the thermodegradation kinetics. Analysis of the

experimental results was made within the Doyles’s

[20] approximation range of conversion (5–20%).

Experimental

Materials

The epoxy resin was a commercial DGEBA (n=0)

(Resin 332, Sigma Chemical Co., St. Louis, MO, USA),

with an equivalent molecular mass of 173.6 g/Eq, as de-
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Table 1e Activation energies obtained using the Coats–Red-

fern method for several solid-state processes a heat-

ing rate of 45 K min
–1

B system A system [23]

Ea/kJ mol
–1

R Ea/kJ mol
–1

R

A2 298.38 0.9981 536.56 0.9930

A3 195.33 0.9980 354.15 0.9928

A4 143.81 0.9979 262.65 0.9927

R1 572.25 0.9973 1020.26 0.9916

R2 589.69 0.9978 1051.65 0.9924

R3 595.59 0.9979 1062.24 0.9926

D1 1155.26 0.9974 2051.78 0.9917

D2 1178.27 0.9977 2092.86 0.9922

D3 1201.96 0.9979 2135.31 0.9927

D4 1186.17 0.9978 2107.36 0.9924

F1 607.52 0.9982 1083.80 0.9931

F2 61.37 0.9831 118.42 0.9946

F3 133.51 0.9856 247.80 0.9950



termined by wet analysis [21, 22]. The curing agent was

1,2-diaminecyclohexane (DCH) (Fluka, Switzerland),

with an amine hydrogen equivalent mass of 28.5.

Sample preparation

Epoxy resin and curing agent were carefully and ho-

mogeneously mixed, at stoichiometric ratio, before

being introduced in a cylindrical frame.

The curing reaction was carried out by selecting

from a TTT diagram previously reported for this mate-

rial [3] a new curing cycle consisting of two stages: a

first step at 23°C during 7.5 h and a second one in an

oven, at 70°C during 24 h. The system cured through

this sequence will be named from here on B system and

the system to whom reference will be made because it

was the first system studied will be named A system.

The ‘old’ curing cycle consisted also of two stages: a

first step at 23°C during 24 h and a second one in an

oven at 70°C during 16 h. As it can be seen, both se-

quences are very similar, because our aim was to check

whether small changes in the curing cycle imply signif-

icant differences in the thermal stability of the system.

After curing, the samples were removed from the

frame. Checking the TTT diagram [3] it can be seen

that, at the end of the first step of each cycle, curing

conversions of the material differ in 20%, being 80 and

60% for the old and new cycles, respectively. For the

reference system during the first step of the curing, the

sample gelates and vitrifies, while the second one (B

system) only gelates after the first step. Our question

was to determine whether those differences will affect

the kinetic mechanism of thermal degradation.

The thermogravimetric study was carried out us-

ing a Thermogravimetric Analyzer (TGA7) from

Perkin Elmer controlled by a 1022 computer. The sys-

tem was operated in the dynamic mode in the temper-

ature range 100–900°C, at different heating rates of:

5, 15, 25, 35 and 45 K min
–1

. All the experiments

were carried out under a dry nitrogen atmosphere.

Results and discussion

Figure 1 shows the thermal degradation curves corre-

sponding to dynamic experiments carried out at dif-

ferent heating rates (5, 15, 25, 35 and 45 K min
–1

), for

both A and B systems [5, 23].

In previous works [5, 23], energies for the ther-

mal degradation process for A and B systems were

calculated using Kissinger and Flynn–Wall–Ozawa

methods. Kissinger activation energies were 144±18

and 161±17 kJ mol
–1

for A and B systems respec-

tively. Using Flynn–Wall–Ozawa method, with con-

version values 5, 8, 11, 14, 17 and 20% (in the range

of Doyle approximation [20]), activation energies of

149±19 and 132±12 kJ mol
–1

were obtained for the

systems A and B, respectively. Figure 2 shows the fit-

ting corresponding to the experimental data for B sys-

tem using the Flynn–Wall–Ozawa method. From the

slopes of these linear fittings, an average value for the

activation energy of 132±12 kJ mol
–1

was obtained.

According to some authors [4, 24], the Kissinger

method is not suitable for application to reactions occur-

ring over large temperature ranges. For this reason, even

when the main thermodegradation step is not too wide,

in this work, a comparison between Flynn–Wall–Ozawa

and the models proposed before were made. Compari-

son of Kissinger and Flynn–Wall–Ozawa energy values

confirm what is said in the literature [4]: Kissinger value

is greater than Flynn–Wall–Ozawa energy value.

Using the Eq. (4) proposed by Coats and Redfern,

the activation energy for algebraic expressions g(α)

function is well known. For this study, same conver-

sion values than those used in the previous methods;

i.e. 5, 8, 11, 14, 17 and 20% were used. Activation en-
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Fig. 1 TG curves of A [23] and B [5] systems at different

heating rates

Fig. 2 Plots of logβ vs. 1000/T at various conversion values in

the range 5–20% in steps of 3%



ergies and correlation values corresponding to all the

solid-state process mechanisms calculated through

Coats–Redfern model are shown in Tables 1a–e. Data

in the first column correspond to the B system, and

those in the second column correspond to the A system

previously studied [23]. From these tables, it can be

observed that in almost all the cases, energy values cor-

responding to the system A are greater than those cor-

responding to the B system (same behaviour that was

observed for Flynn–Wall–Ozawa values). It can also

be observed that correlations are better for B than for A

system. Analysis of these tables also shows that, at all

the heating rate values, the activation energies corre-

sponding to the system B are in better agreement with

the values obtained using the Flynn–Wall–Ozawa

method correspond to An or F3 type mechanisms.

Figure 3, is a typical plot using the Coats and

Redfern method, corresponding to the fitting of ex-

perimental data of the thermogravimetric curve at

5 K min
–1

for B system to the A2, A3, A4 and F3 mech-

anisms. Similar plots were obtained for all the differ-

ent heating rates and for the rest of mechanisms.

In order to discern the best mechanism to describe

the B system thermodegradation kinetic process, acti-

vation energies and correlations were calculated by ap-

plying Van Krevelen et al. and Horowitz–Metzger

models to An and F3 mechanisms. Van Krevelen

method uses Eq. (5) to calculate the activation energy.

This activation energy is obtained through a linear fit-

ting of logα vs. logT plots. Table 2 shows activation

energies and correlation values for An and F3 mecha-

nisms using Van Krevelen et al. model, at different

constant heating rate values, for A [23] and B systems.

Table 3 shows activation energies and correlations

using An and F3 mechanism and Horowitz and Metzger

model which uses lng(α) vs. (T–Tr) plots (Eq. (6)).

From Tables 2 and 3 it cannot be concluded which

is the mechanisms that fits better the experimental re-

sults obtained for B system.

Although g(α) functions corresponding to A4

and F3 mechanisms have different dependence with

conversion, at low conversion values the graphs

ln(g(α)/T
2
) vs. 1000/T are similar for both mecha-

nisms (Fig. 3). This is the reason why activation ener-
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Fig. 3 Plots and fittings using the Coats–Redfern method cor-

responding to the experimental data for B system, at

5 K min
–1

, and the An and F3 mechanisms

Table 2 Activation energies obtained using the Van Krevelen et al. model for sigmoidal and F3 process at different heating rates

Heating rate Mechanism

B system A system [23]

Ea/kJ mol
–1

R Ea/kJ mol
–1

R

5 K min
–1

A2

A3

A4

F3

166.71

109.45

80.83

75.32

0.9977

0.9977

0.9977

0.9897

302.85

200.19

148.86

–

0.9945

0.9945

0.9945

–

15 K min
–1

A2

A3

A4

F3

190.27

125.11

92.52

86.20

0.9976

0.9976

0.9976

0.9891

308.26

203.71

151.44

–

0.9974

0.9974

0.9974

–

25 K min
–1

A2

A3

A4

F3

225.14

148.33

109.92

102.01

0.9981

0.9981

0.9981

0.9854

457.77

300.05

223.69

–

0.9946

0.9946

0.9946

–

35 K min
–1

A2

A3

A4

F3

272.14

179.64

133.39

124.58

0.9971

0.9971

0.9971

0.9897

490.91

325.46

242.70

–

0.9931

0.9931

0.9931

–

45 K min
–1

A2

A3

A4

F3

306.08

202.24

150.33

140.01

0.9981

0.9981

0.9981

0.9879

550.58

365.25

272.56

–

0.9914

0.9914

0.9914

–



gies values are so similar for both fittings. This be-

haviour repeats for all the models used. To decide the

most correct solid-state mechanism, some different

criteria should be used. These criteria were reported

in a previous work [5] using Criado et al. model [10].

By applying this model to the experimental data for B

system, and checking the master plots, it was con-

cluded that the best fitting of the thermodegradation

process was that corresponding to A4 solid-state

mechanism. It was observed that F3 master plot did

not approaches the experimental results of our sys-

tem. In another way, correlations corresponding to F3

mechanism are, in all cases, worse than those corre-

sponding to An mechanisms.

Finally, it can be concluded that the change intro-

duced on the curing cycle did not affect seriously the

kinetic model of thermal degradation, although the ac-

tivation energy values differ considerably. In future

works the effects of the curing cycle on some final

properties such as: glass transition temperature, water

absorption resistance, residual curing effects, etc., will

be studied.

Conclusions

The thermodegradation behavior of the epoxy system

DGEBA (n=0)/1, 2 DCH cured through two different

curing cycles was studied by TG. From the use of differ-

ent kinetic models to the study the thermodegradation

mechanisms, it can be concluded that a small change in

the curing cycle does not affect significatively the

thermodegradation behaviour of the system; in both

cases the solid-state mechanism that fits better the ex-

perimental results is a sigmoidal mechanism, although it

is not very clear which one approaches better. Taking

into account the results reported in a previous work [5]

using Criado et al. model, it can be concluded that A4

mechanism is the solid-state mechanism that best de-

scribes the thermodegradation process for B system

(same conclusion obtained for A system [19]).
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