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ABSTRACT: In this research, a new thermal curing system, with two-stage curing characteristics, has been designed. And the reaction
behaviors of two different curing processes have been systematically studied. The non-isothermal differential scanning calorimetry
(DSC) test is used to discuss the curing reaction of two stages curing, and the data obtained from the curves are used to calculate the
kinetic parameters. Kissinger-Akahira-Sunose (KAS) method is applied to determine activation energy (E,) and investigate it as the
change of conversion (o). Malek method is used to unravel the curing reaction mechanism. The results indicate that the curing
behaviors of two different curing stages can be implemented successfully, and curing behavior is accorded with Sestak-Berggren
mode. The non-isothermal DSC and Fourier transform infrared spectroscopy test results reveal that two different curing stages can be
implemented successfully. Furthermore, the double x fitting method is used to determine the pre-exponential factor (A), reaction
order (m, n), and establish the kinetic equation. The fitting results between experiment curves and simulative curves prove that the
kinetic equation can commendably describe the two different curing reaction processes. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci.
2014, 131, 40711.
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INTRODUCTION each other. Herein, E51 is the acronym of matrix epoxy resin,
593 and 594 are the acronyms of room temperature curing
agent and latent curing agent, respectively. The two-stage curing
method include two different curing stages, for the first-curing
stage, the curing reaction takes place between E51 and 593, and
594 does not participate in the reaction by controlling the cur-
ing condition. For the second-curing stage, 594 was triggered to
react with remainder unreacted matrix resin by raising environ-
ment temperature. This method is different from conventional
multistep curing or post curing.'®'? The two-stage curing pro-
cess can be described as following and drawn in Figure 1.

Epoxy resin, a kind of the most important thermosetting poly-
mer, is used as composite materials, structural adhesives, surface
coatings, and electronic encapsulating materials widely, due to its
chemical resistance, adhesion, good electrical properties, simple
process ability, and lower cost.' Most of the commercially avail-
able epoxy resin is diglycidyl ether of bisphenol-A (DGEBA).*
But, in some cases, the mechanical property and heat resistance
of epoxy resin cannot meet certain requirements, which are the
disadvantages to limit its application. To settle the question,
some researchers add various particles into matrix resin or blend
epoxy resin with other polymers to improve their properties.””’
In this study, we propose a different method to improve the
mechanical property and heat resistance of epoxy resin, two-stage
curing method. Furthermore, the curing process has been stud-
ied. The base to propose this method is shape memory function
of epoxy resin system as our previous research.®’

1. Room temperature curing agent and latent curing agent
were added into epoxy resin matrix synchronously (E51:593
and E51:594 both have 100% theoretical conversion), and
stirring uniformly. Then, the mixtures were dumped into
mould of presetting shape.

2. First-stage curing was triggered at room temperature, and

The two-stage curing system contain matrix epoxy resin E51, the polymers formed materials I with the desired shape.
room temperature curing agent 593 and latent curing agent During this curing period, the latent curing agent would not
594, and these two curing agents have rarely reciprocity between be triggered by controlling the curing conditions.

© 2014 Wiley Periodicals, Inc.
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Figure 1. The two-stage curing process.

3. If the presetting shape of material was too big to storage or
transportation expediently, Materials I could be folded to
different size (tube or rectangle shape) by heating to make it
soft. That shape memory effect is the innovation point of
two-stage curing method.

4. The folded components of materials I can recovery to their
original shape by heating temperature to above glass transi-
tion temperature (T,), which indicates that materials I can
be fold-deploy repeatedly. It is useful and convenient for
materials to test in different conditions.

5. If the components need to be used, raising temperature to
trigger second stage curing, then materials IT can be formed.
The heat resistance and mechanical strength of materials
would be improved after second-stage curing.

The main aim of this study was to investigate the reaction
kinetics of two different curing stages. Herein, the curing reac-
tion kinetics had been studied by the non-isothermal differential
scanning calorimetry (DSC) technology. Malek method®'*™"
and method of Kissinger-Akahira-Sunose
(KAS)'*™'® were applied to unravel the curing reaction mecha-
nism and activation energy (E,) of two curing stages. The pre-
exponential factor (A) and reaction order (m, n) were tried to
obtain by double x fitting method.

iso-conversional

EXPERIMENTAL

Materials
The polymer matrix used in this study was bisphenol A glycidyl
ether epoxy resin E51, with epoxy value 0.5=*0.01 (epoxy

equivalent weight 196-204 g eq” ', and 7 in the chemical struc-
ture is 0.18-0.24) purchased from Bluestar Chemical New Mate-
rials Co. The room temperature curing agent was a modified
amine, 593, it was a transparent liquid and had long-chain
structures provided by Shanghai Resin Co., and the viscosity
was 80-100 mPa s (298.15 K). The latent curing agent was f,
f’-dimethylamino ethoxy-1,3,6,2-dioxin boron (594) obtained
from Huayue Viscose Chemical Co. All materials were used
without further purification. The chemical structures of reac-
tants were shown in Figure 2. It could be observed from the
structures of two different curing agents, the reactive activity
between them was unlikely.

Curing Schedule

For our previous researches, the fact that two different curing
stages almost not influence each other had been confirmed."
The preparation process and curing schedule were done as
follows:

1. Curing agents 593 and 594 were added into epoxy resin
matrix synchronously, then stirred the mixtures for 3 min.
After that, the mixtures were placed for about 5 min until it
became almost transparent and no bubbles.

2. For the first-curing stage, that was E-51/593 system, the
mixtures were cured at room temperature for 24 h, followed
by curing in air oven at 353.15 K for 2 h, and then allowed
to cool slowly to room temperature. Material I had been
prepared. Using this curing schedule, the second-curing
stage was not triggered in our previous researches.'’
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Figure 2. Chemical structures of epoxy resin and curing agent.
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3. For the second-curing stage, that was E-51/594 system,
material I was performed at 403.15 K for 2 h, and curing at
443.15 K for 3 h, followed again by slow cooling to room
temperature, then material II had been prepared. Further-
more, there was almost no epoxy groups existed in material
II, obtained from Fourier transform infrared spectroscopy
(FTIR) test results.

DSC Measurements

Study on the curing kinetics of E51/593 and E51/594 systems
were performed by DSC. The non-isothermal DSC measure-
ments were performed with Mettler Toledo Instruments for data
acquisition, it was calibrated with high purity indium, and
experiments were conducted under a nitrogen flow of 20 cm’
min~". In DSC experiments, the samples (3—-4 mg) were added
to aluminum pans and analyzed dynamically with heating rates
at 5, 10, 15, and 20 K min ™.

As the E51/593/594 system had two relatively independent cur-
ing stages, the DSC test was divided into two stages:

1. The E-51/593/594 mixtures tested in 5, 10, 15, and 20 K
min~ ' from 293.15 to 410.15, 420.15, 430.15, and 440.15 K,
respectively. Then, we suspended the test and allowed the
sample cool slowly.

2. The specimens stayed for 2 h at room temperature.

3. The systems were re-heated from 293.15 to 653.15 K in 5,
10, 15, and 20 K min~".

The reason for using this test method was that the test process
of non-isothermal DSC was a continuous heating mode, which
was different from the practical curing schedules describing in
Curing Schedule section. Hence, if using the continuous heating
mode, environment would provide heat to system continuously,
and might lead to a greater reaction heat gathered in the mix-
tures. This reaction heat could not dissipate fast enough, so the
second stage curing step would be triggered in advance. Thus,
using the two stages DSC test method could avoid this problem
effectively.

RESULTS AND DISCUSSION

Basic Assumptions of Curing Kinetics

There are a few approaches to analyze the curing kinetics by
DSC?*° test. In this study, the non-isothermal experiment is
used to investigate the curing kinetics of E51/593/594 system. In
general, there are three basic assumptions for the application of
DSC to the curing of polymers.

Assumption one: The area between the base line and the curve
over a period of a certain time is proportional to the total area,
and the ratio can be defined as conversion (&):°

t t
J Hdt J Hdt
‘ : (1
Hr Hg+Hg
where H is the DSC heat flow (k] mol™"), Hy is the entire heat
released when an uncured material is completely cured, Hg is
the heat enthalpy by the first heating scan, Hy is the residue
heat enthalpy by the second heating scan, Hr= Hp+ Hp, and
t is reaction time (s).

o=
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Figure 3. Non-isothermal heat flow curves for the reaction of first stage curing

(a: E51/593) and second stage curing process (b: E51/594). [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Assumption two: The rate of the kinetic process is proportional
to the measured heat flow:

do_ dH/dt

dt Hy

(2)

where do/dt is reaction rate, and dH/dt is the partial heat of
reaction at time t.

Assumption three: The basic reaction rate equation for dynam-
ics analysis can be expressed as follows:

do

T =k(T)f () (3)

where k(T) is reaction rate constant, flo) is mathematical expres-
sion of curing kinetics model, and T is absolute temperature (K).
k(T) is conform to the Arrhenius formula, showed in eq. (4):

k(T)=Aexp (— %) 4)

where A is the pre-exponential factor, E, is the activation energy
(k] mol™ 1), R is the gas constant [8.314 ] (mol K.

Non-Isothermal Curing Reactions Curves

The non-isothermal DSC test curves for the reaction of E51
with 593 and E51 with 594 at different heating rates are pre-
sented in Figure 3, and the baselines of each curves are adjusted
by analysis software STAR®. Figure 3(a) exhibits the enthalpy
curves of first stage curing (E51/593), while Figure 3(b) presents
the second stage curing process (E51/594). It can be seen that
the peak temperature rises with the increasing of heating rate.
Because the samples have temperature hysteresis effect during
non-isothermal DSC test, in other words, the heating rate is
faster, the temperature of samples need to achieve the uniform
conversion is higher. The DSC curing peak characteristics for
stage-I and stage-II are listed in comparison in Table I.

From Table I, it can be seen that Tpcpeax (Stage-II) is higher than
Tpast-peak (stage-I) at the same heating rate between two different
curing stages, which indicates that the second curing stage has not
been triggered before the first curing stage completes. The data of
DSC curing peak characteristics prove that the two different cur-
ing stages can be implemented successfully, and the effect between
the two step curing is rare, they can occur independently.
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Table I. The DSC Curing Peak Characteristics for Stage-I and Stage-II
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Heating rate

Non-isothermal DSC curing peak characteristics

Curing stage (K min~?) Tore-peak (K) Toeak (K) Toast-peak (K) Hr=H g (kd mol™?)
Stage-| 5 303.86 358.98 411.22 204.42

10 310.19 369.69 420.69 239.87

15 315.99 377.30 438.21 277.36

20 317.77 382.96 44551 256.94
Stage-ll 5 435.22 47423 506.67 64.65

10 44740 486.58 526.29 55.23

15 449.83 492.59 541.06 55.20

20 467.51 505.81 577.04 50.92

Tore-peak and Tpast-peak are the initial and final integration temperatures, respectively.

As previously stated, Hr= Hp+ Hg, Figure 3(b) shows that
there is no exothermic peak from 350 to 450 K, indicating Hy
(stage-I) =0, so Hrp (stage-I) = Hg (stage-I). To calculate Hr
(stage-II), the mixtures of materials II re-heat from 293.15 to
653.15 K in 5, 10, 15, and 20 K min "}, the result shows that
there is no exothermic peak also, hence, Hy (stage-1I) = Hg
(stage-II). The data list in Table I. For the two independent cur-
ing processes, conversion (o) can reach 100% for the first cur-
ing stage (E51/593), and o of second curing stage can also get
to 100% (E51/594). The non-isothermal curves of o versus T
for the reaction in stage-I and stage-II plot in Figure 4. Y-axis
includes a-I and o-II of two curing stages. Figure 4 exhibits that
435 K is critical point between stage-I and stage-II curing pro-
cess. That is the first stage curing has been completed before
435 K, and the second stage curing starts from 435 K, hence,
the two curing stage almost have no influence each other.

FTIR Analysis

FTIR test is used to detect the epoxy group absorption peaks in
different composites, and the FTIR spectra curves of pure E51,
after stage-I curing process and after stage-II curing process sys-
tems are shown in Figure 5(a). The peak appears from 3440 to

300 330 360 390 420 450 480 510 540
T T T T T T T r 10

40.8

410.6

n-»

Stage-two 0.4
5,10, 15, 20 Klmin_ 0.2

40.0

Stage-one

0.2 M 5,10, 15, 20 K/min

300 330 360 390 420 450 480 510 540
Temperature(K)

Figure 4. Non-isothermal curves a-I and o-II versus T for the reaction of
stage-1 and stage-1I. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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3400 cm ™' is the characteristic absorption peak of —OH. The
peaks observe from 3000 to 2860 cm ™" are caused by stretching
vibration of C—H. The absorption bands at 1606, 1508, and
1458 cm™ ' are attributed to C=C stretching vibration on aro-
matic ring. Compare pure E51 curve with after stage-I and
stage-1I curing process curves, the absorption peaks from 1104
to 1077 cm™ ' have been appeared, which are the characteristic
absorbance peak of ether C—O—C, the results prove that curing
agent 593 has reacted with matrix resin. The peak at 831 cm ™'
is the characteristic absorption peak of benzene ring. In general,
the characteristic absorption peak of epoxy group is 930-908
cm™ !, hence, the wavenumber from 1000 to 700 cm ™' has been
magnified in Figure 5(b). In the curve of pure E51 system, the
characteristic absorption peak of epoxy group in 913 cm™' can
be observed obviously. After stage-I curing process, the charac-
teristic absorption peak of epoxy group can still be traced, but
the area of absorption peak reduces significantly, indicating that
the epoxy groups react with curing agent. After stage-II curing
process, the characteristic absorption peak of epoxy group is
hardly noticeable, presenting that remaining epoxy groups have

(a) Pure E51
- —— After stage-l
—— After stage-I|
3
=
(13
Q
c
(1]
£
E
(3
c
i
|_ & 913
| —CH\:}GH— 331‘
i (b) s
. 1IEW ?50 ISO(I IBSCI ) 800 | 750 . ?W! ) i B
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Figure 5. The FTIR test results of pure E51, after stage-I curing process
and after stage-II curing process systems. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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Figure 6. Iso-conversional KAS lines for the (a) E51 with 593 and (b)
E51with 594. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

reacted with the latent curing agent. Furthermore, the second
curing has been triggered, and the reaction is complete.

The FTIR test results reveal that two different curing stages can
be successfully implemented, and the latent curing agent reacts
with the remainder of the epoxy resin completely.

Model-Fitting Kinetics

Milek proposed a complete thermal analysis method for most
probable mechanism function in kinetic study. In this article, it
is used to analyze the non-isothermal kinetic. For this method,
it needs to get E,. The integral iso-conversional KAS method is
used to determine E, and investigate it as the change of
conversion.

KAS equation of the final form is derived as follows:*’

1 — La
;72[3:_ RI;: +In (AE—f) —Ing(a) (5)
* da
@ 75 ©

where f is heating rate (5, 10, 15, and 20 K min~ ! in this

research), g(a) is conversion function showing in eq. (6). Figure
6 shows the plots of In(B/T%) versus 1/T for E51/593(stage-I)
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and E51/594(stage-II). Herein, o =5, 10, 15... 90, 95, and 98%.
E, can be solved from the every slope of a linear plot of In(f/
T%) versus 1/T. It can be seen that the straight line fitting rate is
good, R=0.97251-0.99556. Data of activation energy draw in
Figure 7, and the error bars mark in the graphs. In general, the
errors of DSC test come from temperature fluctuate, baseline
drift, non-uniform sampling, linear or nonlinear curve fit, and
different heating rate. From the data of this study, it can be
seen that the error is less than 5%, and R is more than 97%, so
we think the results are reliable.

As shown in Figure 7, there is a reduction trend of E,-stage-I
(from 55.484 to 49.482 kJ mol ') with conversion increases
(5%-30%). This phenomenon can be explained as follows: in
the initial of curing reaction, the mixture viscosity decrease as
the increasing temperature.”® The low viscosity leads to better
mixing which is conductive to reaction, hence, E,-stage-I
decreases. When the conversion exceeds 30%, the E,-stage-I is
stabilized at the constant value (about 48.5 kJ mol ™ 1). It might
be caused by the increased molecular weight, which further
leads to enhanced viscosity, reaction temperature and conver-
sion, these factors have both positive and negative effects to the
energetic barriers.”” When the conversion exceeds 90%, the
crosslink density of mixtures increase and the reactive groups
decrease, leading the curing reaction become more difficult, so
the E, increased. For the E,-stage-II, it can be observed that E,
does not vary with o significantly, because the second curing
stage is triggered in viscoelastic state environment, the viscosity
change is very small. By calculating, the mean of E, is
48.534+2.731 kJ mol™' for stage-I, and 102.550 = 2.848 kJ
mol ™" for stage-IL

For Malek method, once E, is determined, two characteristic
functions, y(«) and z(«) can be defined to find the kinetic
model. In non-isothermal conditions, the two functions can be
described as follows:

)=p (% Jeww 9 )

120 m Stage-l

@ Stage-ll

100 _iiiiiiiiiiiiiiiiiiii

Ea(kJ/mol)
3

Mean:48.534
60 | i ]
]
40
0.0 ‘ DI.Z . Dt4 I ofs l 018 ‘ 1.0

a
Figure 7. Plots of activation energy (E,) as function of conversion for
stage-I and stage-II. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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0.30 e = in Figure 8, the curve obtains from 10 K min~ ' heating rate as
(a) L & 1.0 an example. The peak values of da/dt, y(a), and z(«) are indi-
0.25 - a, - cated oy, ap and ocgc, respectively. The detailed results are listed
~z(a) Jos 8 in Table II.
T oo20f f—y(a) 3
E = From Table II, it can be seen that oy;=0.231, 0.232, 0.240,
5 o1s 1968 0238, 2=0.528, 0.530, 0.538, 0.532 for stage-l, o =0.162,
" L daldt X 0.169, 0.173, 0170, a3*=0.599, 0.603, 0.610, 0.623, respectively,
T 010 1S for stage-II, so 0 <oy <7, and o 7#0.632. Based on dynamics
a model choice plotted by Milek'* and the shape of y(x) and
0.05 | 10K/min 102 N 2(at), we may conclude that the Sestik-Berggren model is suita-
Stage-one ble to fit the non-isothermal reaction rates of stage-I and stage-
0.00 : : - — 0.0 i is wi in li 34-
A 3 Y ne Y i g curing process, and the model 1s,w1dely used in literatures
o for epoxy systems. The Sestak-Berggren model can be
expressed as follows:
030 L(b) %y ap 110 do E,
- = Aexp (— o= o (1-0)" 11
r ap z ar P\ T rr)* (1=2) (1)
0.25 - o= z(a) )
y(a) 1°8 3 where m is the order of autocatalytic reaction, n is the order of
‘3": 0.20 - N reaction with curing agent, and the other parameters have the
E I 708 ; same meaning as equations listed before.
= 0.15
g e da/ dt 4 ‘E’ We substitute mean E, 48.534 kJ mol ™' (stage-I) and 102.550
T 040 2 kJ mol™" (stage-II) respectively into eq. (11). Because every T
oos| 10K/min i g ?md o correspond'to a same do/dt, the double x fitting méthc?d
- Stage-two is used to determine the A, m, and n. The fitting results list in
%0 Y 06 08 10 -
’ ’ ’ o ’ ' ’ Table IIT presents that the fitting rate is well, R> 0.99. Based on

Figure 8. Variation of experimental reaction rate (do/dt), normalized y(o)

and z(o) versus fractional conversion for (a) stage-I and (b) stage-II cur-

1

ing with the heating rate of 10 K min™ . [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

the mean of A, m, and n, the kinetic equation can be estab-
lished for stage-1 and stage-II. Then, every T and o of different
heating rate are substituted into kinetic equation of stage-I and
stage-1I severally, which is obtained from the average values of
the parameters. Then experimental curves at four different heat-
ing rate can been drawn. The comparison between experimental

do curves and simulation curves reveal in Figure 9.
z(oc)=T(—>7t(x) (8)
dt In Figure 9, the full lines are experiment data curves, it can be
— Ea ) observed that there are two relatively independent peaks except
RT the heating rate of 20 K min~' curve. There is a small discon-

where 7(x) is the function of temperature integral whose values
can be approximated with sufficient accuracy with a fourth-
order rational expression of Senum and Yang:'***~*

B x°+18x*+88x+96
m(x)= 4 3 2
x*+20x° +120x>+240x+120
After a series of calculation, the variation of experimental reac-

tion rate (do/dt), normalized y(o) and z(a) versus fractional
conversion for stage-I and stage-II curing process are presented

(10)

Table II. Characteristic Peak Conversion Values, oy, op, and oc;jofor Stage-I and Stage-II with Heating Rates of 5, 10, 15, and 20 K min "~

tinuous area between the two curing stage in 20 K min~"' curve.
It can be explained that the DSC test have temperature hystere-
sis effect for the chemical reaction, the faster heating rate makes
the curing reaction to need higher temperature. Hence, we may
draw a conclusion that fast heating rate is an unfavorable condi-
tion for two-stage curing. The suitable heating rate of non-
isothermal DSC test is less than 10 K min'. The dotted lines
are simulation curves, it can be seen that dotted lines are very
similar with full lines, which proves that the kinetic equation

1

Stage-| Stage-ll
B (K min™) o op o oy op o%°
5 0.231 0.508 0.528 0.162 0.563 0.599
10 0.232 0.515 0.530 0.169 0.573 0.603
15 0.240 0.519 0.538 0.173 0.580 0.610
20 0.238 0.510 0.532 0.170 0.574 0.623
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Table III. Calculated Kinetic Parameters A, m, and 1 of Sestdk-Berggren Model for Stage-I and Stage-1I

Stage B (Kmin™1) A m n Adj. R-Square

Stage-| 5 7.9057 x 100 0.24196 1.2641 0.99762
10 8.7631 x 10%° 0.26837 1.1582 0.99907
15 1.0343 x 101 0.29599 11111 0.99907
20 1.0729 x 101 0.33135 1.1362 0.99906
Mean 9.4352 x 10%° 0.28442 1.1674 —
Kinetic equation 9:20.4352x10"0 - exp (48534 /RT) - 4028442(1 —) 16745 € (0, 1)

Stage-|| 5 3.4254 x 10° 0.33395 1.2889 0.99749
10 3.7295 x 10° 0.35438 1.2565 0.99682
15 3.7041 x 10° 0.33982 1.3613 0.99566
20 3.2268 x 10° 0.30164 1.3187 0.99906
Mean 3.5215 x 10° 0.33245 1.3064 -

Kinetic equation

4=3,5215%10° - exp (—102550/RT) - 0033245 (1 —¢)1398%5 ¢ (0, 1)

can describe the curing reaction process commendably, includ-
ing stage-I and stage-II.

In general, the effect of kinetic equation is to guide the curing
process. From the equation, it can be seen there are three varia-
bles, including o, T, and t. If two variables are provided with
the actual operation needs, the third variable can be calculated
basing on the kinetic equation. For example, conversion o has
been given as 90% for stage-I, it can use two different methods
to achieve this curing process, using longer time and lower tem-
perature or using shorter time and higher temperature. So, the
actual operation is more convenient and flexible. On the other
hand, the different conversion corresponds to different glass
transition temperature (T,). Because of the crosslink density of
curing system decreases with the conversion reduces, and in
general, T, is proportional to the crosslink density. Such as
front say, materials I possesses shape memory properties, it can
be folded to different size (tube or rectangle shape) by heating
to make it soft, for our previous study,'” its T, is suitable for
softening. Thus, a certain T, of study system is given, o will be

I Line-Experiment
05 Dpot -Simulation Stage-two
5,10, 15, 20 K/min

0.4  Stage-one
= + 5,10, 15, 20 K/mi
=4
g 0.3
>~
Q 0.2
5 0
o

0.1

0.0 1 1 1 1 " 1 1 1

300 330 360 390 420 450 480 510 540

Temperature(K)

Figure 9. Comparison between experimental curves and simulation
curves. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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determined, then, the appropriate T and ¢ can be selected to
prepare materials L.

Opverall, the credible kinetic equation can guide the reactive pro-
cess well and make the actual operation has flexibility. It is of
great significance to the application of materials.

CONCLUSION

The curing reaction behaviors of E51 with 593 and E51 with
594 had been systematically studied by non-isothermal DSC
technique. The DSC and FTIR results showed that the two dif-
ferent curing stages could be implemented successfully, and the
effect between the two stages curing was rare. The model-fitting
reaction kinetic analysis with the Malek method proved the typ-
ical autocatalytic characteristic. The activation energy was calcu-
lated by KAS method, 48.534 = 2.731 kJ mol ™' for stage-I and
102.550 = 2.848 kJ mol ™' for stage-II, respectively. The further
research confirmed that the Sestdk-Berggren model was satisfac-
torily suitable for kinetic prediction of both two curing stages.
Moreover, the double x fitting method was used to determine
the kinetic parameters (A, m, and n), and the kinetic equation-
stage-I and kinetic equation-stage-II had been established. Com-
pared with experiment and fitting curves, it could be reached a
conclusion that the kinetic equation could describe the curing
reaction process well. This credible kinetic equation could guide
the curing process well and make the actual operation more
convenient and flexible.
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