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HmEER (W)
Conversion degree of epoxy resin according to DSC test results

The curing temperature not only affects the initial curing process of a CFRP but also the curing
kinetics and final strength of the composite. The curing kinetics and thermal properties of the
epoxy resin were investigated by DSC analysis. The curing reaction parameters were calculated
using the phenomenological kinetic model.

The conversion degree, a, can be obtained by calculating the ratio of the exothermic peak area,
AH, and the total curing reaction heat, AHotal. It varies between 0 and 100% (fully cured) and is

expressed in Eq. (1).

AH
o= 1
AH¢otal ( )

One condition for the validity of the Kissinger method is the expression of the rate of reaction
as a function of temperature T and conversion a is separable. From Eq. (1), the reaction rate

(do/dt) can also be derived as expressed in Eq. (2).

da

— = K(T) - f(o) (2)

dt
where K(T) represents the temperature-related reaction rate constant, which can be obtained from
Arrhenius equation, as expressed in Eq. (3). f(a) represents a reaction-order model with an

independent variable a and is expressed in Eq. (4).
Ea
K(T) = Aexp (— ﬁ) 3)
f(a) = (1 — )™ 4)
where A is the frequency factor, E, is the activation energy (kJ/mol) of the kinetic process, R is

the gas constant (8.314 J/(mol-K)), T is the absolute temperature (K), and n is the reaction order.

Thus, da/dt is as follows:

< = Aexp (— %) C(1—o)" (5)

The integral of this function is yields Eq. (6).

a=1-[1-(1 —n)A-t-exp(—%)]ﬁ (6)
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Parameters n, A, and Ea in this n™ kinetic model are the parameters that need to be solved using
non-isothermal DSC data, and the common approaches are the Kissinger and Ozawa methods.
There are two major methods for studying the thermal decomposition kinetics of polymers:
differential and integral methods /7/. In this study, activation energy E, and pre-exponential factor
Ao were studied following the Kissinger method /27, which is a conventional differential method,
and were verified by the Ozawa method /37, which is an integral method.

The DSC data acquired from the first round of temperature rise scanning with heating rates § of
5, 15, and 20 °C/min are shown in Fig.A-1. The resin sample (mixed epoxy matrix) is completely
cured after the first run, and the temperature drop is followed by a second round of temperature

rise scanning with a heating rate 20 °C/min to obtain the glass transition temperature, Tge.

15 T T T T T T
1.2 To
S 20 Cel/min
e 0.9
=
E
O 0.6}
(8 15 Cel/mi
0.3f-
5 Cel/min
o -

300 330 360 390 420 450 480
Temperature (K)

Fig.A-1 DSC curves at different heating rates (first run of temperature rise scanning).

For a series of non-isothermal tests under several conditions /4, Kissinger demonstrated the

following:

(M

By —n 2eRy _ Ea

In (sz =In ( B RT,
where Ag is a pre-exponential factor and T, is the peak temperature in the DSC curves.

Kissinger argued that the activation energy is constant. Plots of In(3/ sz) versus 1/T were

fitted, as shown in Fig.A-2(a). Activation energy E, and pre-exponential factor A, can be

- 10 -



calculated based on its slope (—E,/R) and intercept In(AyR/E,), respectively. The DSC data and

fitting parameters of the epoxy resin obtained using the Kissinger method are listed in Table A-1.

—8.8

(@)
—9.2f
<2 96
’; y=7.6415x+9.9260
2
= (R*=1)
S —10f
—10.4f
_10'2?44 2.48 2.52 2.56 2.6 2.64 2.68
1000/T, (K )
3.2 T T T T T
Ny (b)
2.8} \@
2.4f
Q.
5
A y=8.4257x+23.8659
(R*=1)
1.6f

1. 1 1 1 1
22.44 2.48 2.52 2.56 2.60 2.64 2.68
1000/T, (K )

Fig.A-2 Fitting curves based on peak temperatures at different heating rates. (a) Kissinger method, (b) Ozawa

method.

Table A-1 DSC data and fitting parameters of epoxy resin using Kissinger method.

B (K/min) T, (K) 1000/T, (K1) In(B/Ts?) E.(kJ/mol) Ao
5 378.5 2.64 -10.26
15 398.1 251 9.27 63.59 156309597.5
20 403.7 2.48 9.01
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In addition, the apparent activation energy can be directly calculated using the Ozawa method,
which assumes that the conversion degree is constant at T, under different heating rates . The

integral formula of the Ozawa method /5/ is provided in Eq. (8).

AgE, Ey Ea
Ing = In (Rg(a)) — 5331 —1.052—2 = —1.052 =% + Const (8)

RTp RTp

Because the value of ln(AO E./ RG(a)) is approximately constant when the values of o are the
same at different heating rates P, it is easy to obtain Ea = 66.62 (kJ/mol) from the fitting curves,
which are shown in , where In(PB) versus 1/T curves are plotted at a certain conversion
degree a.

The apparent activation energy obtained using the Ozawa method is similar to that calculated
using the Kissinger method. This further proves that the kinetic equation of the epoxy curing
reaction conforms to a first-order linear relationship. The average activation energy, E.=65.10
(kJ/mol), obtained using the Kissinger and Ozawa methods was used in the following calculations.

The Crane kinetic model /6/ is used to determine the reaction order, which is expressed in Eq. (9).

d(nB) _  Ea
d(1/Tp) ~  nR ©)

By plotting Inf3 versus 1/T}, the reaction order of the system, n, is determined as 0.93. In

particular, substituting the values of Ao, Ea, and n in Eq. (6), the n kinetic model becomes as

follows:
a=1-[1-10941671.8-t-exp(— g)]m.zg (10)
The isothermal curing degree curves of the system are presented in . They show that at

a certain temperature, the required time corresponds to a certain percentage of conversion, i.e., a
longer curing time is necessary to reach the same conversion degree at lower temperatures. The
growth rate is basically linear when the conversion degree is below 50%, whereas the curing
process is significantly decelerated owing to the effects of material vitrification and diffusion

control in the late curing stages /7/.
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Fig.A-3 Degree of conversion as function of temperature in isothermal curing.
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