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ABSTRACT: The thermal degradation behavior of a commercial epoxy resin, EpoFixVR (Struers), has been investigated by thermog-

ravimetry (TG), differential thermal gravimetry (DTG), and differential thermal analysis (DTA) under nonisothermal conditions in

an argon atmosphere. Different methods (Kissinger, Flynn–Wall–Ozawa (FWO), Friedman isoconversion methods, and nonlinear

least-squares (NLSQ) estimation method) have been used to analyze the thermal degradation process and determine the apparent

kinetic parameters. The methods produce similar results in terms of activation energy estimations. Nevertheless, the NLSQ method

has several advantages over the other methods in terms of both characterizing the activation energy and modeling the thermal degra-

dation—i.e., including this model in a resin degradation process simulation. However, it is interesting to combine the NLSQ method

with other isoconversion methods: they can reflect the dependence and variability of the activation energies during pyrolysis proc-

esses, while providing a good starting point for a nonlinear procedure, especially with respect to the activation energy E. This work is

the first step (apparent kinetic reaction) of complete simulation of experimental oven of degradation of epoxy resin coating of

impregnate nuclear fuel sample. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42201.
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INTRODUCTION

Epoxy resins are one of the most important thermosetting poly-

mers and are widely used in many fields such as surface coat-

ings, adhesives, painting materials, potting, composites, and so

on.1–4 In this study, the commercial epoxy resin called EpoFix
VR

is used to coat and impregnate nuclear fuel samples for micro-

structural examinations. After such examinations, the epoxy

resin must be separated from the nuclear fuel to prevent radiol-

ysis.5 For this reason, a thermal treatment process has been

developed. The first step of this process involves pyrolyzing the

epoxy resin coating. This study investigates the thermal degra-

dation kinetics of this epoxy resin during pyrolysis.

Thermal analysis techniques such as thermogravimetry (TG),

differential thermal gravimetry (DTG), and differential thermal

analysis (DTA) are widely used to measure the thermal stability

and pyrolysis behavior of the epoxy resin under different condi-

tions.4,6–9 It is important to estimate the kinetic parameters in

order to determine the reaction mechanisms and simulate the

pyrolysis process. There are numerous studies on the degrada-

tion kinetics of different materials. Among these, some investi-

gations have also focused on the reaction mechanisms and

product yields of cured and uncured epoxy resins.10–14

Isothermal conditions are sometimes used to model reactions

over a broad temperature range. This requires conducting a

series of experiments at different temperatures, whereas a single

experiment under nonisothermal conditions is theoretically suf-

ficient for kinetic model identification. Moreover, modeling on

the basis of isothermal conditions neglects the time needed to

achieve the reaction temperature for the sample.15 This is why

it is preferable to use a kinetic study under nonisothermal con-

ditions rather than resorting to using isothermal

conditions.16–24

It should be pointed out that nonisothermal experiments using

high heating rates cannot produce reliable kinetic results

because the heat or mass transfers can act as the limiting phe-

nomenon. Thus, the thermal decomposition must be carried
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out at low or moderate heating rates to keep the impact of heat

and mass transfers to a minimum.25 Moreover, it is known

from previous experiments that kinetic analysis based on a sin-

gle heating rate is very unreliable and problematic. The use of

multiple heating rates is therefore preferable.26,27

Several methods specifically adapted to estimate the kinetic

parameters from thermogravimetry data under nonisothermal

conditions have been proposed in the past.28 For instance, iso-

conversion methods by Kissinger,29 Friedman,30 and Flynn–

Wall–Ozawa31,32 are widely used for degradation kinetic studies

of epoxy resins.18–23

The degradation process of polymers is very complex and influ-

enced by both the type of materials and the operating parame-

ters. This complexity generates a broad range of variations in

the kinetic parameters found in publications. For example, the

activation energies of epoxy resins found in publications range

between 80 and 230 kJ mol21, with a pre-exponential factor

between 1012 and 1018 s21 and an order of reaction between 0.4

and 1.84. This variability could be explained by different degra-

dation mechanisms in the epoxy resins. The thermal degrada-

tion is affected by the structure of the resin, as well as the type

of curing agents and other additives used. The available litera-

ture mentions several approaches which have been used to

modify the epoxy backbone to enhance the thermal properties

of epoxy resins.33–38 It is also clear that the type of atmosphere

plays an important role in the degradation mechanism of epoxy

resins.39–41

In order to model the behavior of nuclear fuels embedded in

epoxy resin during the resin pyrolysis process, we must first

describe the elementary composition of the resin before defining

the main chemical reactions and the thermal degradation

kinetics. This article investigates the pyrolysis kinetics of the

commercial epoxy resin, EpoFix
VR

, under nonisothermal condi-

tions by means of thermogravimetric measurements. Experi-

ments were carried out using five different heating rates (1, 3,

5, 10, and 15�C min21) and argon as carrier gas. Various meth-

ods (Friedman, Flynn–Wall–Ozawa, Kissinger, and nonlinear

least squares (NLSQ) method) were used to determine the

apparent kinetic parameters, the activation energy, the pre-

exponential factor, and the overall rate equations of the pyroly-

sis reaction for a specified reaction order. The results of differ-

ent methods have then been compared. The NLSQ method has

several advantages over the other methods in terms of both

characterizing the activation energy and modeling the thermal

degradation. Primarily, the NLSQ method can simultaneously

estimate the various kinetic parameters without having to repeat

experiments with various heating rates. The NLSQ method is

also able to take into account the presence of consecutive or

parallel reactions and other complex reaction mechanisms. The

major disadvantage of this method, however, is the need to ini-

tially estimate the parameters. This difficulty can be overcome

by a linearization procedure or the use of isoconversion meth-

ods estimated parameters as initialization points. This is why

the use of isoconversion methods can be recommended. They

can reflect the dependence and variability of the activation ener-

gies during reaction.

EXPERIMENTAL

Materials

The epoxy resin studied in this article is EpoFix
VR

which is dis-

tributed by Struers S.A.S. It was used in this study to coat and

impregnate samples of nuclear fuel for microstructural examina-

tions. This polymer is based on bisphenol A (acetone � A) and

epichlorohydrin; it is known as the DGEBA epoxy resin (DiGly-

cidyl Ether of Bisphenol A). The epoxy curing agent used was

EpoFix
VR

Hardener (triethylenetetramine TETA).

Samples of the epoxy resin were prepared by mixing 75 wt % of

EpoFix
VR

resin with 25% of the curing agent. After curing, an

epoxy resin powder was obtained by grinding. An elemental

chemical analysis of the sample is listed in Table I.

Thermogravimetric Analysis

Thermogravimetry (TG), differential thermal gravimetry (DTG),

and differential thermal analysis (DTA) were carried out using a

Netzsch STA 409 simultaneous TG/DTA analyzer. Samples of

approximately 50 mg were tested in an alumina crucible with

heating rates of 1, 3, 5, 10, and 15�C min21 up to a tempera-

ture of 660�C, followed by a plateau of 2 h. These tests were

performed in high-purity argon (ALPHAGAZTM2 Argon by

Air Liquide) at a flow rate of 100 sccm.

The analyzer was purged before analysis (pressure lower than

0.3 mbar) and filled with high-purity argon to avoid any

unwanted oxidation during heating.

TG, DTG, and DTA Analyses

Figure 1 shows the TG (weight loss) curves and DTG (weight

derivative) curves as a function of temperature for different

heating rates.

The initial decomposition temperature (Ti) for the different

heating rates ranged between 202.3 and 293.7�C while the frac-

tional residual mass (called char) ranged between 12.1 and

14.8% at the end of the plateau (660�C).

Figure 1 shows that an increase in the heating rate causes a

slight decrease in the residual mass, i.e. 14.8% for 1�C min21

and 12.1% for 15�C min21. The relative residual mass remains

nearly constant for the 3, 5, and 10�C min21 heating rates, i.e.,

between 13.6 and 13.9%. The reaction zone shifts to higher

temperatures at higher heating rates. This fact may be caused by

thermal resistance.

The DTG peak (minimum) becomes slightly wider and the peak

height increases with the heating rate. The DTG curves show

that there is only one main peak in each DTG curve. So, it is

possible to consider the thermal degradation of epoxy resin

under pure argon to be represented by a single apparent chemi-

cal reaction. The DTG peaks for the various heating rates tend

Table I. Elemental Analysis of the Epofix
VR

Epoxy Resin

Elemental Analysis (wt %)

C H O N
Other
elements

69.9 6 0.3 8.15 6 0.5 3.4 6 0.2 15.9 6 0.8 2.65 6 18
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to range between 333.8 and 368.8�C. These results are consistent

with those found by other authors.18,19

By coupling differential thermal analysis (DTA) with TG and

DTG, it was possible to access the temperature difference

between the sample and a reference material (empty alumina

crucible). Any transformation within the resin was detectable

and the related thermal effect was simultaneously measured.

The DTA curves for the different heating rates are given in Fig-

ure 2. The results show the appearance of peaks (maxima) for

the various heating rates for temperature ranging between 326.2

and 362.5�C. The end of the peak shifts to a higher temperature

with the increase in the heating rates. Unlike Figure 1, Figure 2

also shows the existence of a second peak for each heating rate

which tends to be wider than the first peak.

As an example and to better understand the phenomenon of

epoxy resin degradation, Figure 3 simultaneously shows the T,

TG, DTG, and DTA curves, giving the variation in the tempera-

ture (�C), weight loss (%), weight derivative (% min21) and

Figure 1. Weight loss (TG) and weight derivative (DTG) curves for various heating rates.

Figure 2. DTA curves for different heating rates.
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DTA signal (mV mg21) versus time (min), for a heating rate of

3�C min21.

The thermal degradation process can be divided into three

steps:

Step 1—[t< 103 min, T< 300�C]: An exothermic departure

from the base line was observed during the thermal phase. An

endothermic peak is detected at 65�C (27.5 min), which corre-

sponds to the vitreous transition of the epoxy resin. The TG

curve shows a slight mass decrease.

Step 2—[103< t< 228 min, 300<T< 660�C]: Some variations

in the DTA signal were detected during this interval. These

changes are due to the epoxy resin degradation and chemical

reactions. An ideal DTA curve, corresponding to a single chemi-

cal reaction, would have only one smooth peak. In practice and

in our specific case, however, it is often modified by superim-

posed reactions and other phenomena (transfers, etc.) and gas

emissions. This interval can be broken down into three parts

which show the thermal decomposition of the resin and the for-

mation of gaseous products. The first part occurred from 300�C
(103 min) to 360�C (130 min) with an exothermic peak

detected at 352�C (116 min). The peak shape indicates a ther-

mal transition at moderate speed. Most of the mass was lost

during this part. The second part occurred from 360�C (130

min) to 590�C (210 min). The second peak was wider than the

first and was detected with a slow thermal transition. At the

end of this step, the residual weight was 15%. The last part

occurred from 590�C (210 min) to the plateau (660�C, 228

min). Slight mass loss was detected within this temperature

range.

Step 3—[t> 228 min, T 5 660�C]: The DTA values decreased

and then stabilized during this isothermal step. A slight mass

loss is observed until the termination of the reaction.

The characteristics of the TG, DTG, and DTA curves for the dif-

ferent heating rates are shown in Table II. The kinetic parame-

ters could be estimated on the basis of several TG

measurements at different heating rates. The different steps that

can be identified on the DTA curves did not correlate with a

similar behavior pattern on the TG curves, even we can notice

some shouldering on DTG curves. The informative content of

such curves allows identifying the kinetic parameters of one sin-

gle apparent reaction in spite of potential consecutive reactions.

In this study, the TG curve was used to determine the reaction

rate taking into account only one global chemical reaction as a

function of conversion and temperature.

KINETIC MODEL

Only one apparent global chemical reaction was considered for

the model of thermal degradation of the epoxy resin. It can be

stated as follows:

A solidð Þ ! B solidð Þ 1 C gasð Þ

This reaction is characterized by a degree of progress a,

defined as

a5
w02wt

w02wf

(1)

where w0, wt, and wf represent the initial mass of the sample, its

mass at time t, and its final mass at the end of the plateau,

respectively.

The rate of mass loss, da/dt, is supposed to be a separable func-

tion of the temperature and the degree of progress a, following

da
dt

5kðTÞ f ðaÞ (2)

where k, the reaction rate constant, is assumed to be only

dependent on the reaction temperature T according to the

Arrhenius expression:

kðTÞ5k0expð2 E

RT
Þ (3)

where E is the activation energy (J mol21), k0 is the pre-

exponential factor (s21), R is the universal gas constant (8.314 J

mol21 K21), and T is the reaction temperature (K).

Figure 3. Weight loss (TG), weight derivative (DTG), DTA signal, and temperature (T) curves of epoxy resin degradation for the 3�C min21 heating

rate versus time (min).
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For a controlled and constant heating rate b 5 dT
dt

(K s21), the

overall rate equation of pyrolysis reaction becomes

da
dT

5
k0

b
expð2 E

RT
Þf ðaÞ (4)

For f(a), we assumed an nth-order kinetics, f(a) 5 (1 2 a)n, with

n representing the order of reaction.

Thereafter, eqs. (1)–(4) were used to estimate the kinetic

parameters by the different methods.

ESTIMATION OF KINETIC PARAMETERS

Different isoconversion methods specifically developed to esti-

mate the kinetic parameters from thermogravimetric data under

nonisothermal conditions have been proposed based on eq. (4).

The classical ones are Flynn–Wall–Ozawa (FWO), Friedman,

and Kissinger methods. These methods can be classified as dif-

ferential or integral.

On one hand, some authors tend to explain that polymer

decompositions are probably better studied by differential meth-

ods,28 such as Friedman’s method. On the other hand, Audebert

and Aubineau compared differential and integral methods inves-

tigating various polymers and came to the conclusion that inte-

gral methods were superior to differential methods in the

frequent case of complex degradations.28 All these methods are

simple and easy to implement, which explain their popularity.

However, Staring42 investigated the accuracy of some model-free

isoconversion methods for the estimation of activation energy

and came to the conclusion that some methods based on

approximations could be inaccurate. Therefore, this article com-

pares the results obtained by the three previous methods (FWO,

Friedman, and Kissinger) and a more generic one, based on

least squares estimation procedure.

The first three methods are “model-free” as regards the calcula-

tion of the activation energy.41 They do not require any

assumptions on f(a) and on the reaction mechanism. On the

contrary, an nth-order reaction (usually a first-order reaction) is

assumed for pre-exponential factor estimation.29–32

As already mentioned, these approximation methods are not

always satisfactory and generic parameter estimation methods,43

such as the least squares methods, can also be used. In this

study, linear (LSQ) and nonlinear least squares methods

(NLSQ), using Matlab
VR

2013.b, were also used to perform the

kinetic analysis.

Flynn–Wall–Ozawa (FWO) Method

This integral method, developed by Flynn and Wall and inde-

pendently by Ozawa, uses an integrated form of eq. (4) (see

Appendix A). For fixed degrees of progress a, the plots of

log(b) 5 f(1/T) result in straight lines with a slope proportional

to the activation energy. A correction factor must be applied to

the activation energy estimated to take into account some

approximations (see Appendix A). Plotting the values of appa-

rent energy activation E on the degree of progress a (Figure 4)

shows that degradation mechanism can be modeled by a unique

apparent chemical reaction with a constant activation energy

(203 6 12 kJ mol21) on a large range of values of a (from 0.2

to 0.9). The intercepts Ia of the straight lines are equal to

ln(k0f(a)). Assuming first-order kinetics, f(a) 5 (1 2 a), it is

then possible to determine k0. An average pre-exponential factor

(log(k0) 5 16.0 6 1.2) has been then found for 0.2< a< 0.9.

Friedman Method

The Friedman method is not an integral method. It is also

based on the determination of the reaction rate at a given

degree of progress a for various heating rates (see Appendix B).

The plots of ln(bda/dT) versus 1/T at different fixed degrees of

progress a show parallel lines with a slope equal to 2E/R. Fig-

ure 4, activation energy E vs degree of progress a, shows the

same behavior for Friedman method that for FWO method:

constant energy activation E (227 6 11 kJ mol21) on a large

range of a values at approximately the same level. The determi-

nation of the pre-exponential factor is similar to the graphical

method used in FWO method. An average pre-exponential fac-

tor (log(k0) 5 16.0 6 1.2) has been then found, for 0.2< a< 0.9.

Kissinger Method

Kissinger’s differential method of Kissinger is based on the fact

that, for a given heating rate b, the DTG curve reaches a maxi-

mum at a temperature Tmax during the temperature rise (see

Appendix C). So, ln(b/Tmax
2) is a linear function of 1/Tmax,

with a slope equal to 2E/R. The activation energy estimated

from the slope is equal to 226 6 27 kJ mol21. Unlike the two

previous methods, Kissinger method only provides one value of

apparent activation energy, from Figure 5. The pre-exponential

factor log(k0) can then be determined from the intercept,

assuming first-order kinetics. It is equal to 16.5 6 0.1.

Least-Squares Estimation Method (LSQ and NLSQ)

The purpose of the nonlinear least-squares (NLSQ) estimation

method is to obtain optimal kinetics parameters E, k0, and n

Table II. Characteristics of TG, DTG, and DTA Curves at Different Heating Rates

Heating rate
(�C min21)

Initial decomposition
temperature Ti (�C)

Residual
weight (%)

Temperature at DTG
max (�C)

DTG max
(% min21)

Temperature at DTA
max (�C)

1 202.3 14.8 333.8 1.2 326.2

3 203.9 13.6 352.0 3.8 347.8

5 239.8 13.8 355.8 7.3 344.5

10 275.5 13.9 367.1 13.4 354.7

15 293.7 12.1 368.8 21.6 362.5
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that minimize the sum of squares of the differences between cal-

culated and experimental values of the degree of progress.

The first step is to choose the structure of the kinetic model.

We have cosen the expression for da/dt stated in the following

equation:

da
dt

5k0exp 2
E

RT

� �
12að Þn

with; for each heating rate :
dT

dt
5

b if T 2 0; 660�C 0 if T � 660�C½½½

8>>>>>><
>>>>>>:

(5)

The three parameters E, k0, and n were estimated simultane-

ously by minimizing the following criterion:

F5
Xnexp

i51

ðai2aexp
iÞ2 (6)

where nexp is the number of experimental data, ai is the calcu-

lated degree of progress, and ai
exp is the corresponding experi-

mental degree of progress. The criterion F was minimized in

MATLAB
VR

2013.b by integrating the ordinary differential equa-

tions system (5) and by using the Levenberg–Marquardt algo-

rithm for the NLSQ problem solution.

Five different optimizations were performed to estimate the

kinetic parameters from the five experimental data sets associ-

ated with the five various heating rates (1, 3, 5, 10, and 15�C
min21). For the purpose of comparison with FWO, Friedman,

and Kissinger methods, the values of the experimental data were

restricted to the 0.2–0.9 range.

Figure 5. Plot of ln(b/Tmax
2) versus 1/Tmax (Kissinger method).

Figure 4. Apparent activation energy versus degree of progress a, for FWO and Friedman methods. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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The NLSQ estimation method requires a good set of initial

parameter values to avoid poor convergence or convergence to

local minima. Appropriate initial parameter values can be deter-

mined from the linearization of eq. (5a):

Ln
da
dt

� �
5Lnðk0Þ 2

E

RT
1 n Ln 12að Þ

(7)

This model is linear with respect to the three following parame-

ters: ln(k0), 2E/R, and order of the reaction n. They were esti-

mated by minimizing the following criterion:

F5
Xnexp

i51

ðLnðda
dt
Þi2Lnðda

dt
ÞiexpÞ

2
(8)

The kinetic parameters for the various heating rates estimated

by the LSQ method are given in Table III:

The estimated values of k0 and E are quasi identical whatever

the heating rate. The average values of E, log(k0), and n are

213 6 13 kJ mol21, 15.4 6 0.5, and 2.8 6 0.1, respectively. A

fractional order of reaction greater than 2 was found for all

heating rates, which often indicates a sum of consecutive or

parallel reactions, or other complex reaction mechanisms.46 This

is in agreement with DTA curves. It supports the assumption

that consecutive reactions may exist with different activation

energies, where the reaction step with the highest activation

energy becomes representative of the global reaction rate.

Figure 6 gives the variation versus time of the calculated (from

Table III) and experimental degrees of progress a between 0.2

and 0.9 at various heating rates. The model shows a good agree-

ment with the experimental degrees of progress for each heating

rate.

Comparative Study and Discussion

The kinetic parameters given by the various methods are pro-

vided in Table IV.

The Kissinger method is the simplest of all methods. It provides

an approximate estimate of the activation energy quickly. How-

ever, it is only based on one measurement point (at maximum

rate) by experimental test at a given heating rate, namely, five

experimental points. Consequently, the uncertainty of E is

greater using the Kissinger method than when using the other

methods. Considering a single reaction stage, this method

allows to determine the overall activation energy. In the case of

complex reactions where various processes are superimposed,

often no straight line is obtained. Furthermore, the essential

information concerning the dependence of the activation energy

on the partial reaction is not provided using this method and a

fixed order (here a first-order) reaction is assumed for the cal-

culation of the pre-exponential factor.

Table III. Kinetic Parameters Determined by the Nonlinear Least Squares

Estimation Method (0.2< a< 0.9)

Heating rate b
(�C min21) E (kJ mol21) log(k0) n

1 214 6 4 15.5 6 0.3 2.90 6 0.05

3 213 6 7 15.4 6 0.4 2.62 6 0.07

5 213 6 11 15.4 6 0.5 2.89 6 0.13

10 212 6 19 15.4 6 0.7 2.86 6 0.20

15 211 6 24 15.4 6 0.7 2.79 6 0.20

Figure 6. Comparison of calculated (NLSQ) and experimental degrees of progress a at various heating rates.

Table IV. Kinetic Parameters Determined by Various Estimation Methods

(0.2< a< 0.9)

Method
Average E
(0.2< a<0.9) Average log (k0) n

FWO 203 6 12 14.0 6 0.7 1

Friedman 227 6 11 16.0 6 1.2 1

Kissinger 226 6 27
(no a interval)

16.5 6 0.1
(no a interval)

1

NLSQ 213 6 13 15.4 6 0.5 2.8 6 0.1
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The FWO method was used to determine the activation energy

and the pre-exponential factor in our case. This method can

reveal the existence of various processes in the case of complex

reactions. A quasi-constant activation energy was detected for

progress degree values between 0.2 and 0.9. Like the Kissinger

method, a fixed order reaction (first-order in this case) must be

assumed to determine the pre-exponential factor k0.

Like the FWO method, the Friedman method does not assume

a constant activation energy level. It gives a variation in the

activation energy with the value of a. Similar results to those

found by the FWO method were obtained. The activation

energy is quasi-constant for a wide range of a, but varying

energy activation levels for low and high values of a were

obtained. Based on the assumption of a first-order reaction, the

pre-exponential factor tends to vary with the degree of progress

and a quasi-constant value for a between 0.2 and 0.9 is

detected. This value is quite similar to those given by the FWO

or Kissinger methods.

For the NLSQ estimation method and assuming nth-order reac-

tion kinetics (or other forms of dependence f(a)), all three

parameters (activation energy, pre-exponential factor and order

of the main pseudo-reaction) can be estimated simultaneously

either for all heating rates, i.e., more than 600 experimental

points) for comparison with isoconversion methods, or for one

heating rate only (quasi-identical values of k0, E, and n are

obtained regardless of the heating rate). The results show good

agreement with experimental values and may highlight the

impact of the heating rate (reaction zone shifts to higher tem-

peratures at higher heating rates). The estimated activation

energy was similar for all methods. An average value of

213 6 13 kJ mol21 (Table IV) was calculated for a wide range

of reaction progress degrees (0.2< a< 0.9).

To compare these results, Figure 7 shows the experimental and

calculated values for the degrees of progress found by FWO,

Friedman, Kissinger, and NLSQ methods versus temperature

(�C), for a heating rate of 3�C min21 for illustrative purpose

(experimental a between 0.2 and 0.9).

Unlike other methods, the NLSQ method is the only one that

shows good agreement with the experimental values. Although

all methods give good predictions of the activation energy, the

assumption of a fixed-order reaction (first-order in our case)

results in a large difference between the calculated and experi-

mental values. This point is the main advantage of the NLSQ

method. There are many other advantages of the NLSQ

method. First, it can simultaneously estimate various kinetic

parameters without necessary repeating experiments with vari-

ous heating rates; the kinetic parameters can be estimated

with a single experiment at an adequate heating rate on the

whole range of a, or in a fixed range of a. Another advantage

is the possibility of using the whole set of experimental ther-

mogravimetric data (>600 in our case), whereas the FWO and

Friedman methods take into account the limited number of a
data (here only 8 values of a between 0.2 and 0.9), necessarily

less than the experimental thermogravimetric data, and the

Kissinger method takes into account the number of different

heating rates (here only 5 different heating rates). Further-

more, several parameter estimations are possible (in terms of

temperature or a coefficients) if multiple reactions (or other

phenomena) are suspected upon analyzing the DTG curves,

for example. The major disadvantage of the NLSQ method is

that it is not “model-free” for the determination of the activa-

tion energy E; the structure of the model must be “a priori”

provided. It also does not reflect the dependence and variabili-

ty of activation energies during the pyrolysis processes, when

the variation is not included in the model. Another shortcom-

ing is the need for an initial estimation of the parameters.

This point can be overcome by a linearization procedure (eq.

(17)) or the use of parameters estimated by isoconversion

methods as initialization points. For this reason, it is interest-

ing to combine the NLSQ method with isoconversion meth-

ods. Isoconversion methods can provide some help to the

model structure definition, by bringing out dependence or var-

iability of the activation energies during the pyrolysis proc-

esses. They also offer a good starting point for the nonlinear

procedure, especially for the energy activation E.

Figure 7. Comparison of experimental and calculated degrees of progress a versus temperature (�C) with different methods, for a heating rate of

3�C min21.
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CONCLUSION

The degradation kinetics of the commercial epoxy resin called

EpoFixVR was investigated by TG, DTG, and DTA. The results

show that it is possible to model thermal degradation by a sin-

gle main apparent reaction. To better understand and analyze

the degradation kinetics of this epoxy resin, three standard iso-

conversion methods were used (Kissinger, Flynn–Wall–Ozawa

(FWO), and Friedman) together with an NLSQ estimation

method. Activation energy values were determined by means of

the Kissinger, Friedman, and FWO methods without any

assumption on the function of progress f(a). The Kissinger,

FWO, and Friedman methods also assumed a fixed-order reac-

tion for the estimation of the pre-exponential factor k0, which

was first-order in our case. With the NLSQ method, all the

three parameters (E, k0, and n) were estimated simultaneously

on the basis of an overall kinetic model.

In our case, the three isoconversion methods reveal the exis-

tence of a single key mechanism for a wide range of a with con-

stant and similar activation energy levels, E. Nevertheless, they

failed to estimate realistic values of the pre-exponential factor k0

and the reaction order n which were used to model the thermal

degradation behavior.

As for modeling the apparent kinetics of epoxy resin thermal

degradation, the NLSQ estimation method provides a direct

estimation of the kinetic parameters with only one heating rate

experiment, without being required to repeat the experiment

with various heating rates. The NLSQ method is able to take

into account the existence of consecutive or parallel reactions

and other complex reaction mechanisms, if it takes place into

the model. The major disadvantage of this method lies in the

fact that an initial estimation of the parameters is required. This

point can be overcome by using a linearization procedure or

isoconversion parameters as the initialization points.

Combination of NLSQ method with isoconversion methods is

the good way to estimate kinetic parameters of resin pyrolysis:

isoconversion methods can reflect the dependence and variabili-

ty of the activation energies during the pyrolysis processes and

offer a suitable starting point for the nonlinear procedure, espe-

cially activation energies, E.

NLSQ method was thus used to estimate gas evolution

kinetics parameters. The apparent reaction model, detailed in

this article, combined with gas evolution kinetics allows the

definition of a chemical model in a CFD simulation tool. The

results of this study are the first step of modeling study of the

behavior of pyrolysis oven of epoxy resin coating of nuclear

fuel samples, by means of coupled resin pyrolysis reactions

(this work) with mass, heat, and momentum transfers in a

CFD code. Thereafter, this information will be used to develop

a tool for the optimal design and control of a suitable heat

treatment process.

APPENDIX A: DESCRIPTION OF THE FLYNN–WALL–OZAWA
(FWO) METHOD

This integral method, developed by Flynn and Wall and inde-

pendently by Ozawa, uses the integrated form of eq. (4):

gðaÞ5
ða

0

da
f ðaÞ5

k0

b

ðT

T0

exp 2
E

RT

� �
dT (A1)

that can be roughly expressed as:42

gðaÞ ffi k0E

bR

ð1

y

expð2yÞ
y2

dy (A2)

where y 5 E/RT. The integral on the right-hand side is generally

termed the temperature integral p(y):

pðyÞ5
ð1

y

expð2yÞ
y2

dy (A3)

The expression of the decimal logarithm of g(a) is

log ðgðaÞÞ5log
k0E

R

� �
2log bð Þ1log pðyÞ (A4)

The FWO method uses in qq. (A4) the linear approximation of

the logarithm of p(y) suggested by Doyle:44

log pðyÞ ffi 22; 31520; 457y (A5)

This linear approximation, only valid for y in the range [20–

60], leads, for a constant heating rate, to the following

equation:

log bÞ ffi log
k0EDoyle

g að ÞR

� �
22; 31520; 457

EDoyle

RT

�
(A6)

where EDoyle is the activation energy calculated by the Doyle

approximation.

For fixed degrees of progress a, the plots of log(b) 5 f(1/T)

result in straight lines with a slope proportional to the activa-

tion energy and equal to 20.457 EDoyle/R. As pointed out by

Staring,42 the Doyle approximation can be quite inaccurate

depending on the value of y, leading to energy deviations higher

than 10%. This is why a correction factor must be applied to

the activation energy estimated on the basis of the Doyle

approximation. The corrected activation energy can be calcu-

lated as:45

E5EDoyle:FðyÞ (A7)

where EDoyle is the activation energy calculated by the Doyle

approximation and F(y) is the correction factor.

The activation energy appears constant over a wide range of

degree of progress a (between 0.2 and 0.9, R2� 0.99), with an

average of 203 6 12 kJ mol21. The quasi-identical slopes over

the 0.2–0.9 range indicate that a single reaction can represent

the thermal degradation on this broad range with constant acti-

vation energy. However, the slopes of the lines at a< 0.2

and> 0.9 are clearly distinguishable from the other lines, which

means that thermal decomposition is affected by other reactions

or transfer mechanisms. These results are consistent with previ-

ous DTG analysis.

Using eq. (A6) and assuming first-order kinetics, f(a) 5 (1 2 a),

the values of the pre-exponential factor k0 can be estimated

from the intercept Ia for each a value:
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log k0ð Þ5Ia1 log 2Ln 12að Þð Þ2 log
EDoyle

R

� �
1 2:315 (A8)

An average pre-exponential factor (log(k0) 5 14.0 6 0.8) can be

determined for the same range of degree of progress (0.2–0.9).

APPENDIX B: DESCRIPTION OF THE FRIEDMAN METHOD

The Friedman method is not an integral method. It is based on

the determination of the reaction rate at a given degree of pro-

gress a for various heating rates. By taking the logarithm of eq.

(4) and after rearranging, the following equation is obtained:

Ln b
da
dT

� �
5Ln

da
dt

� �
52

E

RT
1 Lnðk0Þ1Lnðf að ÞÞ (B1)

The plots of ln(bda/dT) versus 1/T at different fixed degrees of

progress a shows parallel lines with a slope equal to 2E/R.

Consistent with the results found by the FWO method, the acti-

vation energy appears quasi-constant for a wide range of

degrees of progress. Its average value is equal to 227 6 11 kJ

mol21 for degree of progress between 0.2 and 0.9. This result

(quasi constant activation energy) bears out the existence of a

single apparent reaction mechanism for a wide range of degree

of progress.

The intercepts Ia of the straight lines are equal to ln(k0f(a)).

Assuming first-order kinetics, f(a) 5 (12a), it is then possible

to determine k0 from eq. (B1) for each a value:

ln k05Ia2Lnð12aÞ (B2)

An average pre-exponential factor (log(k0) 5 16.0 6 1.2) has

been then found, for 0.2< a< 0.9.

APPENDIX C: DESCRIPTION OF THE KISSINGER METHOD

Kissinger’s differential method of Kissinger is based on the fact

that, for a given heating rate b, the DTG curve reaches a maxi-

mum at a temperature Tmax during the temperature rise. This is

based on the assumption that this maximum rate of degrada-

tion approximately occurs at a fixed degree of progress amax

(here 0.42 6 0.02). At the maxima of the DTG curves, d2a/

dt2 5 0. The resulting expression is then rewritten to give

ln
b

Tmax
2
52

E

RTmax

1ln½2 k0R

E

df

da
amaxð Þ� (C1)

According to qq. (C1), ln (b/Tmax
2) is a linear function of 1/

Tmax, with a slope equal to 2E/R. The activation energy esti-

mated from the slope is equal to 226 6 27 kJ mol21.

Using eq. (C1), the logarithm of the pre-exponential factor

log(k0) can then be determined from the intercept, assuming

first-order kinetics. It is equal to 16.5 6 0.1.
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