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a b s t r a c t

Low-temperature cure of epoxy adhesives was investigated by means of differential scanning calorimetry
analysis (DSC) on both isothermal and dynamic curing process and isothermal and dynamic curing
phenomenological autocatalytic models were established. For dynamic curing section, an advanced
isoconversional method was taken into account for computing the minimum apparent activation energy
Ea value for each value of α lying between 0.05 and 0.95 with a step of 0.01. The correlation of invariant
apparent activation energy and pre-exponential factor was expressed by “compensation parameters”
equation. The isothermal experimental results showed that curing at low-temperatures of 10–15 1C did
take place but it was difficult to reach complete reaction over a reasonable experiment time period
because the curing process was significantly decelerated owing to the effects of material vitrification and
diffusion control in the late curing stages. In order to match the calculated and measured data better and
describe the cure in the later stages of reaction, a heating rate-dependent pre-exponential factor and
diffusion control were taking into account. The modified modeling with the heating rate-dependent pre-
exponential factor and diffusion control agreed well with experimental data. Moreover, analysis of
nonlinear regression was carried out on the isothermal modeling, results showed that the nonlinear least
squares fitting had a satisfactory effect.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Epoxy resins are important thermosetting resins, as the matrix
resin of adhesives which has been widely used in the field of
mechanical engineering, transportation, chemical engineering,
architecture, etc., owing to its better technology, mechanical and
physical properties [1–4]. Additionally the composites have also
been used for cryogenic applications [5]. Study on curing of matrix
resin is one of the important issues. Kinetic model is commonly
used, which established mathematical relationships between
curing rate with temperature and curing degree from the compu-
tational standpoint [6]. The most straightforward way is to deter-
mine a kinetic triplet, that is A, Ea and f(α). Ea is associated with the
energy barrier, A with the frequency of vibrations of the activated
complex [7], and f(α) with the reaction mechanism [8].

Two main approaches used for cure kinetics can be divided into
phenomenological and mechanistic modeling [9]. And the applica-
tion of the phenomenological method mainly using semi-empirical
model equation is more common, obtaining various parameters of

model equation through mathematical simulation [10–12]. The
kinetics of curing epoxy resins has been widely studied by using
isothermal or dynamic experiments with differential scanning
calorimetry (DSC) [13]. A few reports have been reported on kinetic
studies of high temperature curing of epoxy resins [14,15] but not
much with low temperature curing [16]. Experience has told us that
the mechanical properties are strongly dependent on the curing
conditions [17], particularly long periods of low temperature are
frequent in winter, the curing reaction may not be fully complete
and the mechanical properties may change during use if the
temperature is too low. Therefore, an understanding of the low-
temperature curing mechanism is essential to control and optimize
mechanical properties [18,19].

All experimental data have noise. The amount of noise can
affect the choice of the kinetic analysis method. Since the diffe-
rential isoconversional methods being more reliable for the treat-
ment of thermoanalytical data [20–28] do not make use of any
approximates on the temperature integral, they are more accurate
than the integral methods. For differential isoconversional DSC
data, it would be natural to use a differential method. According to
Nicolas Sbirrazzuoli's literature [29], using compensation effect
and the isoconversional method to compute a model-free estimate
of the logarithm of the pre-exponential factor (lnA), ABS (Achar-
Brindley-Sharp's) method and Tang method obtained the lowest
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errors and are more accurate than other methods. However, Tang
method is an integral method and ABS method is a differential
method, thus, we chose the ABS method to compute the lnA.
Moreover, the Ea value for each value of α lying between 0.05 and
0.95 with a step of 0.01 was computed by the NLN Vyazovkin
method [30–32].

This research work is now focused on two aspects: (I) looking
for model parameters of a new system through the existing model,
as providing a theoretical basis for the development of processing
routes [33,34]. (II) Correcting the existing model or processing
the new model to adapt to a new system. In this experiment,
for the study on low-temperature curing of epoxy resin by DSC, a
minimum curing temperature was 10 1C, used the aspect of (I).
Assessing the validity of a kinetic model fitting by comparing
the measured with calculated reaction profiles (either rates or
extents of conversion, or both versus temperature) is required. Only
by showing satisfactory matching can the parameters have some
effectivity.

2. Experimental

2.1. Materials

The epoxy resin was diglycidyl ether of bisphenol A (DGEBA)
type E-44 supplied by Yueyang Petrochemical and the curing
agent was TU-DETA synthesized by our experiment. The structures
of these chemicals were depicted in Table 1.

2.2. Methods

A differential scanning calorimeter (Shimadzu DSC-60, equipped
with a liquid nitrogen cooling system and performed by TA analysis
software for data acquisition) was used for dynamic and isothermal
cure experiment and data analysis. The flux of nitrogen providing an
insert atmosphere was set to 50 ml min�1.

The weight of each sample was measured prior to scanning by a
ultramicro balance (XP6, Mettler Toledo). By the requirement of
the Shimadzu instrument, the amount of sample was in the range
of 5–10 mg. The samples were placed in an empty aluminum pan
covered with a lid. An aluminum pan loading aluminum oxide
as reference compound of the same type and size was used as a
reference during every scan.

2.2.1. Dynamic heating runs
Dynamic runs at constant heating rates were made in order to

determine the total heats of reaction released during dynamic
curing for uncured samples. Before testing, all uncured samples
were deposited in refrigerator under �18 1C.

In order to determine the dosage of curing agent, the reactants
E-44 and TU-DETA were mixed under �18 1C in a equivalent ratio
of 2:1, 3:1, 4:1, 5:1, 6:1 and 7:1, respectively. These uncured
samples of 5–10 mg were installed in aluminum pans and placed
in the instrument furnace. After cooling to �50 1C rapidly, the

heat evolution was monitored from �50 1C to 250 1C using the
heating rate of 10 1C min�1. After determining the optimum
dosage to curing agent, dynamic scans were conducted in the
temperature range of �50 1C to 250 1C at constant heating rates of
5, 10, 12.5, 15 and 20 1C min�1. By re-scanning the completely
cured sample at 10 1C min�1, the corresponding glass transition
temperature (Tg) was obtained.

2.2.2. Isothermal runs
Isothermal DSC scans were performed at temperatures ranging

from 10 to 80 1C, where 10 1C was low temperature, 80 1C was high
temperature below Tg in this experiment. This range was chosen in
accordance with the planned architecture application. The furnace
was first heated up to a desired fixed temperature at the heating
rate of with 10 1C min�1 and kept for a certain period of time.
When the system reached the equilibrium state, the sample was
quickly set on the calorimetric detector plate. The reaction was
considered to be complete until the heat flow curve approached a
plateau.

In this experiment, the sample used was fresh and uncured.
The curing heat of each sample at its corresponding time period
was determined by integrating the curve of heat flow from the
beginning to the determined time [35–37], so the degree of cure
was calculated in the form [38]:

α¼ ΔΗt

ΔΗtotal
ð1Þ

where α is the degree of cure, ΔΗt is the reaction heat at time t,
and ΔHtotal is the total reaction heat of reaction.

2.2.3. Glass transition temperature
The reactants E-44 and TU-DETA were mixed under �18 1C

with the mass ratio of 6:1 from �50 1C to 250 1C firstly and then
re-scanning the completely cured sample at 10 1C min�1, the glass
transition temperature (Tg) was found to be at a temperature of
11672 1C, presented in Fig. 1. Tg was determined as the midpoint
of the step (defined according to ASTM E 2602) [16] in the curve
presenting curing exotherm during the dynamic re-scanning.

3. Results and discussion

3.1. Determining the dosage of curing agent

For the sake of determining the optimum dosage of curing
agent, a series of different mass ratios of E-44 and TU-DETA
uncured component samples for DSC measurement was weighed,
wherein the upward direction of the peaks in the curve represent-
ing exothermic reaction. The change in heat flow versus tempera-
ture and time during cure at the heating rate of 10 1C min�1 is
shown in Fig. 2. A straight baseline was used to integrate the peak
of heat flow versus time to give the reaction heat. The value of heat
released is listed in Table 2.

Table 1
Structures of the chemicals.

Materials Molecular structures

E-44

TU-DETA
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From Table 2, we knew that with the mass ratio of E-44 and
TU-DETA increasing, the heat release increased firstly and then
decreased, therefore, we could make a conclusion that the opti-
mum mass ratio of E-44 and TU-DETA was 6:1 when the value of
heat release was the largest.

3.2. Kinetic analysis of dynamic scanning

The change in heat flow versus temperature and time during
curing at different heating rates is presented in Fig. 3(a) and (b).
The shapes of the exotherm were heating rate-dependent. The
peak temperature, Tp, the onset of cure temperature, Tonset, the
endset of cure temperature, Tendset (defined according to ASTM
E2041) [16], were determined by Fig. 3(a), choosing the example
with the rate of 10 1C min�1 (Fig. 4) to demonstrate how to
determine the three temperatures. In this study, a straight baseline
was used to integrate heat flow versus time to give the reaction

heat, as presented in Fig. 3(b). The total reaction heat, ΔHT, was
also heating rate-dependent. The curing degree, α, was calculated
by Eq. (1). By differentiating the curing degree versus time or
temperature, the relationship between the cure rate and time or
temperature was determined. These data was used as the source
data to simulate the dynamic curing process. The results are listed
in Table 3.

Fig. 1. Heat flow versus temperature in DSC scans of uncured and completely cured
samples.

Fig. 2. DSC curves of curing systems with different mass ratios of matrix resin and
curing agent.

Table 2
Reaction heat of different curing systems.

E-44:TU-DETA 2:1 3:1 4:1 5:1 6:1 7:1

ΔH (J/g) 179.614 319.463 391.420 447.592 465.684 306.830

Fig. 3. Heat flow at different heating rates during dynamic scanning versus
(a) temperature and (b) time (between onset and end of cure).

Fig. 4. Determining Τonset, Τp, Τendset of heat flow versus temperature in DSC scans
of uncured sample with a heating rate of 10 1C min�1.
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3.3. Theoretical approaches

3.3.1. Dynamic modeling
All kinetic studies can start with the basic equation. In general

terms, the cure kinetics can be described by a rate law given by the
following expression [39]:

dα
dt

¼ kðTÞf ðαÞ ð2Þ

where α is the curing degree, dα/dt is curing rate, k is the
Arrhenius rate constant, and f(α) is a function that depends on
the reaction mechanism. Furthermore, the rate constant k(T) can
be expressed by the Arrhenius equation [40]:

kðTÞ ¼ Ae�ðEa=RTÞ ð3Þ
where A is the pre-exponential factor, Ea is the apparent activation
energy (J/mol), R is the gas constant, R¼8.314 J/(mol k), and T is
the absolute temperature. Substituting Eq. (3) into Eq. (2)

dα
dt

¼ Ae�ðEa=RTÞf ðαÞ ð4Þ

For a dynamic curing process with constant heating rate, the
temperature increased linearly with the increment of cure time t.
The relationship between dα/dt and dα/dT can be expressed as

dα
dt

¼ dT
dt

� �
dα
dT

¼ β
dα
dT

ð5Þ

where β¼dT/dt is the constant heating rate.
Substituting Eq. (5) into Eq. (4) and rearranging:

β¼ A
dα
dT

� ��1

f ðαÞe�ðEa=RTÞ ð6Þ

Basically, curing of epoxy resins may exhibit two different
behaviors, nth order or autocatalytic. Two distinguished methods
existed. Firstly: observing the plot. The main difference is that nth
order modeling exhibits the maximum of curing rate at the
beginning of the reaction, while autocatalytic modeling show a
delayed peak, which occurs during the curing process [41].
Secondly: a statistic methodology [42]. Defining a special function
y(α) which can be expressed as follows [43,44]:

yðαÞ ¼ dα
dt

� �
eEa=RT ð7Þ

dα/dt can easily be obtained by simple transformation of experi-
ment data, Ea can be obtained by linear fitting (elucidated in the
following section). The shape of the function y(α) (presented in
Fig. 5) was plotted by normalizing it within the [0,1] interval.
Based on the responses shown in Figs. 3 and 5, which exhibited a
delayed peak, an autocatalytic behavior was assumed, for the
autocatalytic model with the initial cure rate of zero, the term f(α)
may have the form [45–47]

f ðαÞ ¼ αmð1�αÞn ð8Þ

where m and n are the reaction orders, and mþn are the overall
reaction order. Substituting Eq. (8) into Eq. (6)

β¼ A
dα
dT

� ��1

αmð1�αÞne�ðEa=RTÞ ð9Þ

Taking the natural logarithm on both sides of Eq. (9)

ln
dT
dt

� �
¼ ln A� ln

dα
dT

� �
þ ln ½αmð1�αÞn�þ �Ea

R

� �
1
T

ð10Þ

At peak temperature, Tp, the derivative of curing rate versus
temperature equals zero, which means that the derivative of
curing degree versus temperature is a constant value regardless
of heating rate. ððdα=dtÞ=dTÞT ¼ Tp

¼ 0; means
ðdα=dtÞT ¼ Tp

¼ c; dt=dT � dα=dt ¼ dt=dT � c3dα=dT ¼ c', where c
and c' are constants. The term ln ½αmð1�αÞn� at the peak tempera-
ture changed with the heating rate, but its value was very small
compared to term lnA [14]. Based on the above considerations, the
general linear form of Eq. (10) can be written as

lnðβÞ ¼ Kþ �Ea
R

� �
1
Tp

ð11Þ

where K is the intercept of Eq. (10), [�(Ea/R)] is the slope of the
plot ln(β) versus 1000/ Tp(presented in Fig. 6).

K ¼ ln A� ln
dα
dT

� �
p
þ ln ½αm

p ð1�αpÞn� ð12Þ

where A is the average value of the pre-exponential factors at the
five heating rates. The terms Tp, (dα/dT)p and αp are the absolute
temperature, derivative of curing degree to temperature, and
curing degree at the exothermic peak, respectively. Their values
are shown in Table 3.

Eq. (12) can be rearranged to obtain an expression for the
average pre-exponential factor A

A¼ eK ðdα=dTÞp
αm
p ð1�αpÞn

ð13Þ

Having obtained the average pre-exponential factor A, based on
this value and Sun et al. [15], heating rate-specific values Af, were
obtained as follows:

Af ¼ Cf A¼ Cf
eK ðdα=dTÞp
αm
p ð1�αpÞn

ð14Þ

where Cf is the heating rate-dependent correction factor of A, (dα/
dT)p and αp are derivatives of curing degree to temperature and
the curing rate at the exothermic peak, respectively, as given in
Table 3. Substituting Eqs. (14) and (8) into the basic curing rate

Table 3
Dynamic scanning results at different heating rates.

Parameter dT/dt (1C min�1)

5 10 12.5 15 20

ΔΗT (J/g) 464.008 465.684 467.393 486.660 470.426
Τonset (1C) 33.92 42.17 46.53 50.61 57.07
Τp (1C) 71.16 81.68 86.81 89.86 96.22
Τendset (1C) 108.44 127.83 133.78 140.32 153.81
αp (%) 0.398 0.404 0.419 0.413 0.409
(dα/dt)p (min�1) 0.084 0.168 0.195 0.231 0.316
(dα/dT)p (K�1) 0.0175 0.0170 0.0159 0.0157 0.0162

Fig. 5. Shape of the function of y(α) versus curing degree α.
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Eq. (4), the curing rate for an autocatalytic model yields to

dα
dt

¼ Cf e
K dα

dT

� �
p
e�ðEa=RTÞ α

mð1�αÞn
αm
p ð1�αpÞn

ð15Þ

The correction factor Cf as well as the reaction orders, m and n,
were determined from Eq. (15) using the multiple nonlinear least
square regression method based on the Levenberg–Marquardt
algorithm, the results are listed in Table 4.

3.3.2. Isoconversional methods
All isoconversional methods are based on the isoconversional

principle, stating that the reaction rate at constant extent of
conversion is only a function of temperature [6,29,48]. It can be
elucidated by taking the logarithmic derivative of the reaction rate
(Eq. (2)) at α¼const

∂ lnðdα=dtÞ
∂T �1

� �
α
¼ ∂ ln kðTÞ

∂T �1

� �
α
þ ∂ ln f ðαÞ

∂T �1

� �
α

ð16Þ

where the subscript α is the values related to a given extent of
curing degree. Based on the basic assumption of isoconversional
methods f(α) is constant, α¼const, the second term in the right
hand side of Eq. (16) is zero, thus

∂ lnðdα=dtÞ
∂T �1

� �
α
¼ �Ea

R
ð17Þ

Thus, a model-free value of the apparent energy Ea can be
obtained for each α value.

3.3.3. Advanced isoconversional method
An advanced isoconversional method (NLN Vyazovkin method)

developed by Vyazovkin [30–32] is taken into account for the
variation of Ea in the computation of the temperature integral.
The Ea value can be determined at any particular value of α by

minimizing the following function [6,29,30,49]:

ΦðEaÞ ¼ ∑
n

i ¼ 1
∑
n

ja i

IðEa; Tα;iÞβj

IðEa; Tα;jÞβi
ð18Þ

where I is evaluated over small intervals to take into account for
the variation of Ea [29]

I½Ea; TiðtαÞ� �
Z tα

tα �Δα
e�ðEa=RTiðtÞÞdt ð19Þ

For a linear heating program, Eq. (19) can be expressed with the
Doyle's approximation [50].

IðEa; TÞ �
Ea
R
e�5:331�1:052Ea=RT ð20Þ

For a given value of α and a set of experiments performed
under different heating rates βi (i¼1,…,5).

ðAα=β1ÞIðEa; Tα;1Þ ¼⋯¼ ðAα=β5ÞIðEa; Tα;5Þ ð21Þ
After removing Aα, Eq. (21) can be expressed as a minimum

value

∑
n

i ¼ 1
∑
n

ia j
½IðEa; Tα;iÞβj�=½IðEa; Tα;jÞβi� ¼ min ð22Þ

where i is an ordinal number representing experiments performed
at different heating rates, βi, Tα,i is the temperature at a given value
of α in an experiment performed at βi. We Substituted experi-
mental values of Tα and β into Eq. (22) and varying Ea to reach the
minimum Ea value at a given value of α [30]. Mathematica
software was used to compute Ea value for each value of α lying
between 0.05 and 0.95 with a step of 0.01.

3.3.4. Compensation parameters
The activation energy and pre-exponential factors may change

with each extent of α, temperature or the reaction model used [29].
The method of invariant kinetic parameters that are apparent
activation parameters [51–55] is “compensation effect”. The correla-
tion of invariant apparent activation energy and pre-exponential
factor can be expressed by the following equation:

lnðAiÞ ¼
Eai
RT

þ ln
ðdα=dtÞ
f ðαÞ

� �
i
¼ aþbEai ð23Þ

where a and b are compensation parameters and the subscript i is an
ordinal number representing experiments performed at different
heating rates. For differential DSC data, the ABS method was natural
to use. In order to compute the compensation parameters, special
values of the exponents m and n of the well-known simplified
Sestak–Berggren equation were used (see ref. [29], models 15–18 of
Table 1). These are as follows: m¼1, n¼2; m¼2, n¼1; m¼1, n¼1;
m¼0.5, n¼1.5; m¼0, and n¼2 (model 14). lnAi and Eai were
evaluated for models using the ABS method for 0.20oαo0.80.
The results for five heating rates (5, 10, 12.5, 15, 20 1C min�1) are
listed in Table 5. Then the values of compensation parameters can be
obtained by linear fitting lnAi and Eai. The results are listed in Table 6.

Fig. 6. Plots of logarithm heating rate versus reciprocal of absolute exothermal
peak temperature.

Table 4
Kinetic parameters obtained from the autocatalytic dynamic model.

Model Parameter dT/dt (1C min�1)

5 10 12.5 15 20 RP2

Unmodified Ea (KJ mol�1) 58.454 0.99
A (min�1) 235209680.4 0.99

Modified m 0.25 0.20 0.14 0.13 0.19 0.99
n 2.49 2.14 2.12 2.09 2.12 0.99
Cf 0.99737 1.08955 1.06009 1.04571 0.93925 0.99
Af (min�1) 295754682 256353201.3 229337883.2 214045565.9 209643350.6 0.99
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The apparent activation energy and pre-exponential factors for
each value of α lying between 0.05 and 0.95 with a step of 0.01 are
presented in Fig. 7.

As shown in Fig. 7, the apparent activation energy Ea increased
gradually with the increment of curing degree, owing to the
further energy required to increase the mobility of both reactants
and products during the late stages of the curing process [15,16].

3.3.5. Fitting results
Once the kinetic parameters A, Ea, m and n where we use

average pre-exponential factor and average activation energy for
the whole reaction process had been estimated, the curing degree
was calculated as a function of the temperature by solving Eq. (15)

dα
dT

¼ Af

dT=dt
e�ðEa=RTÞαmð1�αÞn ð24Þ

By integrating the term dα/dT as a function of the absolute
temperature T, the curing degree α versus temperature could be
obtained. The result for the heating rate of 20 1C min�1 with and
without modification of the pre-exponential factor is presented in
Fig. 8. The modeling curves compare well with the experimental
results, especially with modification of the pre-exponential factor.

Fig. 9 shows the curing rate versus temperature for the heating
rates of 5, 10, 12.5, 15, 20 1C min�1. Similarly, the autocatalytic model
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Fig. 7. Left Y-axis, solid squares: Ea-dependency from the NLN Vyazovkin method.
Right Y-axis: lnA-dependencies obtained with ABS compensation parameters of the
heating rates of 5, 10, 12.5, 15, 20 1C min�1.

Fig. 8. Curing degree versus temperature: experimental result and the autocata-
lytic model result with and without modified pre-exponential factor of
20 1C min�1.
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with modification of the pre-exponential factor provides better and
more accurate results than the model without modification.

3.4. Kinetic analysis of isothermal scanning

3.4.1. Characters of curing process
During the curing process, the instrument recorded the heat

flow change with the cure time. A series of isothermal measure-
ments were performed starting from 10 1C to 80 1C. To achieve
almost constant heat flow in the late cure stage, the measurement
time was set long enough. The heat flow versus time of isothermal
scans at all temperatures is presented in Fig. 10(a) and (b). Again,
the value of heat released during isothermal scanning, ΔHiso, was
determined by the area under each isothermal curve considering
the plateau as horizontal baseline. The results are presented in
Table 7.

In this experiment, the sample used was fresh and uncured.
The curing degree, α (see Table 7), could be calculated as ΔHiso/
ΔHT, where ΔHT¼470.834 J/g was the average heat reactions of
the dynamic scanning under five heating rate. The curing rate at
each sampling time and temperature was calculated by differen-
tiating the curing degree to time.

Half-life, t1/2 (see Table 7), is the time required to reach 50%
curing degree at a certain cure temperature. The 60-min half-life
temperature was found to be 25 1C.

3.4.2. Isothermal modeling
Kamal et al. [56,57] have showed that a more general model

taking non-zero values of the initial curing rate into account
represents adequately the cure kinetics of epoxy for the isothermal
modeling

dα
dt

¼ ðk1þk2αmÞð1�αÞn ð25Þ

Table 6
Compensation parameters obtained with the ABS method.

Method β¼5 1C min�1 β¼10 1C min�1 β¼12.5 1C min�1 β¼15 1C min�1 β¼20 1C min�1

b
(mol KJ�1)

a R2 b
(mol KJ�1)

a R2 b
(mol KJ�1)

a R2 b
(mol KJ�1)

a R2 b
(mol KJ�1)

a R2

ABS 0.37259 �4.26196 0.9876 0.32909 �4.18572 0.999 0.32464 �4.02597 0.9989 0.32152 �3.86777 0.9988 0.31538 �3.58285 0.999

Table 7
Isothermal scanning results at different temperatures.

Parameter Tcure (1C)

10 15 25 35 45 60 80

ΔHiso (J/g) 296.515 335.346 434.043 441.546 468.886 470.834 470.834
α (%) 0.630 0.712 0.922 0.938 0.996 1 1
t1/2 (h) 2.40 1.74 0.99 0.54 0.33 0.15 0.06

Fig. 9. Curing rate versus temperature: experimental results and the autocatalytic
model results with and without modified pre-exponential factor for five heating rates.

Fig. 10. Heat flow versus time at different isothermal curing temperatures:
(a) 10 1C, 5 1C, 25 1C, 35 1C; (b) 45 1C, 60 1C, 80 1C.
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Where k1 and k2 are curing rate constants, m and n are reaction
orders independent of temperature. This equation has been widely
used in the literature to represent the curing of thermosetting
resin [58,59].

In this experiment, we did not take the nonisothermal heat-up
period which was very short into consideration, that is to say, at
the beginning of the reaction at t¼0, the term curing rate, dα/dt, is
zero for all temperatures, thus k1¼0. Eq. (25) can be simplified to
Eq. (26) [18,60,61].

dα
dt

¼ kαmð1�αÞn ð26Þ

The reaction parameters k, m and n can be obtained by fitting
the isothermal data with nonlinear least square regression method
based on the Levenberg–Marquardt algorithm using Mathematica
software.

The kinetic rate constant k follows an Arrehenius temperature
dependence. By plotting the logarithms of the rate constant, lnk,
versus 1000/T, the activation energy Ea, and logarithms of the pre-
exponential factor, lnA, were obtained from the slope and the
intercepts, respectively, presented in Fig. 11. The values for the rate
constants and reaction orders at different temperatures are listed
in Table 8. The cure reaction orders m and n increased with the
increment of temperature overall. Similarly, the rate constant k
increased with the increment of temperature (the rate constant k
has the same tendency of reaction orders m and n), which can be
expressed by the following Arrhenius equation: k¼ Ae�Ea=RT .
Comparing the diffusion factor to that of previously reported
epoxy resins cured at higher temperature, we found that the
diffusion factor is similar. It is owing to the fact that diffusion-
controlled only modified the later curing stages and the modifica-
tion effect was the same.

In the late stage of the curing process, as the resin has cross-
linked, the movement of the reacting groups was hindered, thus

the rate of cure was controlled by diffusion rather than by
chemical factors. To consider diffusion effect, a diffusion factor
g(α) was applied by Khanna and Chanda [18,61] and defined as the
ratio ke/kc, where kc is the rate constant for chemical kinetics, ke is
the overall effective rate constant and kd is the diffusion controlled
rate constant. ke can be expressed in terms of kd and kc by the
relation

1
ke

¼ 1
kd

þ 1
kc

ð27Þ

where kd can be expressed in terms of kc by the relation

kd ¼ kcexp½�cðα�αcÞ� ð28Þ
where αc is the critical curing degree at which diffusion control
initiates and C is an empirical constant. By combining Eq. (27) with
Eq. (28), we can obtain the diffusion factor g(α):

gðαÞ ¼ ke
kc

¼ 1
1þexp½cðα�αcÞ�

ð29Þ

When α is much smaller than the critical value, α⪡αc, then g(α)
approximates unity, the reaction is kinetically controlled and the
effect of diffusion is negligible. As α approaches αc, g(α) begins to
decrease and approaches zero as the reaction effectively stops. The
effective reaction rate at any curing degree is equal to the chemical
reaction rate multipling by g(α).

To obtain these two parameters C and αc, the experimental
results were non-linearly re-fitted based on the Levenberg–Mar-
quardt algorithm using Mathematica software with known kinetic
parameters. The results were listed in Table 9.

As shown in Table 9, the empirical constant C and the critical
curing degree αc increased when the curing temperature was
increased. At high temperatures (435 1C), we did not found the
diffusion control.

The relationship between the curing rate and the curing degree
was presented in Fig. 12 at temperatures between 10 and 80 1C.
Good agreement between experimental data and the autocatalytic
model with diffusion control was found over the curing tempera-
ture ranging from 10 1C to 25 1C. Similarly, experimental results
were accurately simulated by the autocatalytic model without
diffusion control.

3.4.3. Analysis of nonlinear regression
Curing kinetics of nonlinear regression has the form

y¼ f ðx; k;m;nÞþε, assuming the modeling complies with Gauss–
Markov theorem, y obeys Normal distribution Nðf ðx; k;m;nÞ;s2IÞ,

Table 8
Kinetic parameters obtained from the autocatalytic isothermal model.

T (1C) k (s�1) m n mþn R2 Ea (KJ/mol) A (s�1) R2

10 0.000131 0.169 1.616 1.785 0.99 56.863 3548799.73 0.99
15 0.000164 0.151 1.480 1.631 0.99
25 0.000444 0.173 1.045 1.218 0.99
35 0.000608 0.185 1.695 1.880 0.99
45 0.00155 0.361 2.002 2.363 0.99
60 0.00462 0.421 2.596 3.017 0.99
80 0.0154 0.558 2.942 3.500 0.99

Table 9
Diffusion control parameters obtained from the autocatalytic isothermal model.

T (1C) C αc R2

10 29.440 0.592 0.99
15 28.673 0.675 0.99
25 125.331 0.912 0.99

Fig. 11. Logarithms of the rate constants versus temperature.
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error ε satisfies i.i.d. N (independent of the Normal distribution)
and N(0,s2). In the initial value of parameters, using a first-order of
Taylor formula, the expansion of the model function is approxi-
mately linear form and applies the least squares Levenberg–
Marquardt algorithm to this linear function approximation, more-
over, using the experimental data of each temperature to carry on
fitting. Since the sample size of the experimental data is so large,
therefore, large sample under the linear approximation of nonlinear
models show enough significance, estimator of model parameters is
unbiased with minimum variance.

According to the M.J. Box deviation algorithm, the results of the
size of the fitting parameters are as follows in Table 10.

As shown in Table 10, the values of the deviation size and the
percentage of parameter estimation are less than 1%. According
to empirical rule of the percentage deviation of 1%, when the
percentage of deviation does not reach the upper limitation of 1%,
it can be concluded that the least squares fitting of nonlinear
which carries on linear approximation by Taylor formula has a
satisfactory effect.

4. Conclusions

Kinetic researches on low-temperature cure of epoxy adhesive
was experimentally and analytically investigated by means of
differential scanning calorimetry analysis on both isothermal and
dynamic scanning. The following conclusions were drawn:

(1) For dynamic curing section, an advanced isoconversional
method was taken into account for computing the minimum
apparent activation energy Ea value for each value of α lying
between 0.05 and 0.95 with a step of 0.01. The correlation of
invariant apparent activation energy and pre-exponential factor
were expressed by “compensation parameters” equation.

(2) Curing did take place at low temperatures of 10–15 1C but it
was difficult to reach complete reaction over a reasonable
experiment time period because the curing process signifi-
cantly decelerated owing to the effects of material vitrification
and the associated diffusion controlled in the late isothermal
curing stages in isothermal experimental. The cure reaction
orders m and n increased with the increment of temperature
overall. Similarly, the rate constant k increased with the
increment of temperature. Comparing the diffusion factor to
that of previously reported epoxy resins cured at higher
temperature, we found that the diffusion factor is similar.
It is owing to the fact that diffusion-controlled only modified
the later curing stages and the modification effect was the same.

(3) Existing dynamic and isothermal curing phenomenological auto-
catalytic models developed for hot-curing adhesives proved
applicable to simulate the curing behavior of the cold-curing
adhesive even at low temperatures. However, a heating rate-
dependent pre-exponential factor and diffusion control had to be
taken into account. The modified modeling with diffusion con-
trolled was much more accurate simulate to the experimental
data by low-temperature isothermal curing adhesive, similarly,
the modified modeling with heating rate-specific pre-exponen-
tial factor agreed well with experimental data.

(4) Analysis of nonlinear regression was carried on the isothermal
modeling, results showed that the nonlinear least squares
fitting which carried out on linear approximation by Taylor
formula had a satisfactory effect.
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