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Abstract The curing kinetics of the hexahydro-4-

methylphthalic anhydride (MHHPA)/diglycidyl 1,2-cyclo-

hexane dicarboxylate (CY184) epoxy resin system and

MHHPA/CY184 epoxy/episulfide resin system (containing

2 mass% DMP-30 as an accelerator) was comparatively

investigated by non-isothermal differential scanning

calorimetry with a model-fitting Málek method and a model-

free advanced isoconversional method of Vyazovkin, and

the curing behavior was discussed based on the proposed

curing mechanism. The results indicated that both of the

MHHPA/CY184 epoxy resin system and MHHPA/CY184

epoxy/episulfide resin system fitted Šesták–Berggren model.

The activation energy of MHHPA/CY184 epoxy/episulfide

resin system was lower than that of MHHPA/CY184 epoxy

resin system, suggesting that the episulfide resin has higher

reactivity and can accelerate the reaction. The value of m in

the kinetic model equation in MHHPA/CY184 epoxy/

episulfide resin system is much smaller than that in

MHHPA/CY184 epoxy resin system, indicating, unlike the

MHHPA/CY184 epoxy resin system, MHHPA/CY184

epoxy/episulfide resin system has much less autocatalytic

effect.

Keywords Epoxy/episulfide resins � Non-isothermal

DSC � Vyazovkin method � Málek method � FWO method

Introduction

The structures of episulfide compounds are similar to that

of epoxy compounds with the thiirane groups replacing

epoxide groups only. Compared to the corresponding

epoxy compounds, episulfide compounds exhibit some

unique characteristics, such as higher curing reactivity and

faster curing rate especially at lower temperature, low

shrinkage rate, lower water absorption, higher refractive

index, and better adhesive strength on copper [1, 2]. Con-

sequently, their broad range of applications can be

prospected in the area of composite materials, coatings, and

adhesives.

Until now, most of the studies focused on the synthesis

and properties of episulfide resins synthesized by using

bisphenol A epoxy resin (DGEBA) and bisphenol F epoxy

resin (DGEBF) [1–3], and some researchers proposed the

curing mechanism of epoxy/episulfide resin system using

amine as a hardener. Ku and Bell [4] studied the thermo-

mechanical properties and water absorption of the bisphe-

nol A type epoxy/episulfide–polyamide curing systems and

pointed out the system could be applied for fast curing at

room temperature. Bell et al. [5] studied the curing be-

havior of synthesized bisphenol A type episulfide resins

with amine as a curing agent and confirmed the thiirane

group reacted with amine prior to the epoxide group at

relatively lower temperature. Tsuchida and Bell [6, 7]

studied the curing mechanism and the storage of epoxy/

episulfide/dicyandiamide, suggesting that compared with

standard epoxy/dicyandiamide systems, epoxy/episulfide/

dicyandiamide systems could cure at lower temperature.

On the other hand, the episulfide resins synthesized by

using DGEBA and DGEBF have high viscosity and poor

fluidity at room or low temperature, which to some extent

restrict the valuable applications of episulfide resins.
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Consequently, the preparation of epoxy/episulfide resin

with low viscosity at room or low temperature is signi-

ficative and interesting. CY184 epoxy resin has low vis-

cosity, which contains six-membered ring and glycidyl

ester bond in structure and presents high reactivity, high

cohesive strength, excellent electrical insulating and ul-

tralow temperature properties. The episulfide resin syn-

thesized from CY184 epoxy resin has low viscosity (lower

than 1.8 Pa s-1) and exhibits higher curing reactivity,

faster curing rate and curing capacity at low temperature.

Therefore, CY184 epoxy/episulfide resin is prospected to

have potential application in the area of composite mate-

rials, coatings and adhesives.

And to the best of our knowledge, most researchers

focused on the curing mechanism of epoxy/episulfide resin

system using amine as a hardener. The curing mechanism

and the curing kinetics of epoxy/episulfide resin system

using anhydride as a hardener have not been reported.

Anhydrides are important curing agents for epoxy resins

and have the characteristics like high curing temperature

and long curing time. Decreasing the curing temperature is

an attractive and interesting issue in epoxy/anhydride sys-

tems. And currently, the common way used to reduce the

curing temperature is to raise the content of accelerators

[8], which inevitably leads to the intense exothermic re-

actions. In this study, the thiirane resin was partially used

in epoxy resin (the CY184 epoxy/episulfide resin system)

to decrease the curing temperature and increase the curing

speed because of the high reactivity of thiirane groups,

which is a novel way without reports found before. The

curing behaviors of both MHHPA/CY184 epoxy/episulfide

system and MHHPA/CY184 epoxy resin system were in-

vestigated by the curing kinetics using DSC. And, the

curing temperature and the curing degree parameters ob-

tained from DSC measurement at various heating rates

showed the curing reactivity of both systems. And, acti-

vation energy and reaction order of both systems could be

obtained to explain their curing behaviors. The curing ki-

netics was simulated by Málek method.

Experimental

Materials

CY184 epoxy resin (equivalent epoxy mass 172 g mol-1)

was purchased from Shanghai Quan Xin import and export

trading co., Ltd. MHHPA and DMP-30 were both pur-

chased from Meryer (Shanghai) Chemical Technology Co.,

Ltd. KSCN and ethanol were purchased from Beijing

Chemical Works Co., Ltd.

Synthesis of CY184 episulfide resin

The CY184 episulfide resin was prepared by the reaction

between CY184 epoxy resin and KSCN under microwave

heating. The synthesis route is shown in Fig. 1. 9.7 g

KSCN was dissolved in 50 mL deionized water, and 14.1 g

CY184 was dissolved in 100 mL ethanol, and the molar

ratio of KSCN and CY184 was 2.4. Both solutions were

stirred by EUROSTAR 20 digital stirrers to get a homo-

geneous mixture before added into a 250 mL three-neck

flask. The three-neck flask with stirring was heated to

328 K by microwave (100 W) for 30 min to complete the

reaction. The product was poured into separating funnel

and washed by toluene and deionized water several times

separately. The upper layer was separated and dried by

anhydrous MgSO4 for 24 h, and then the solvent was re-

moved by rotary evaporation to get light yellow liquid.

Characterization of CY184 episulfide resin

FTIR

FTIR spectrum of CY184 episulfide resin was recorded by

using a Nicole Nexus 670 FTIR spectrometer (USA) in the

range of 4,000–400 cm-1 using KBr pellet. Figure 2 shows

the result. It can be seen that the characteristic infrared

absorption peak of epoxy group at around 916 cm-1 de-

creased remarkably, and the characteristic infrared
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Fig. 1 Synthesis route of CY184 episulfide resin
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absorption peak of episulfide group at around 617 cm-1

appeared showing the episulfide resin was synthesized.

ESI–MS

The CY184 episulfide resin was dissolved in methanol, and

test was carried out on ESI–MS (Waters Corporation,

USA). ESI–MS data: [M ? 1]?= 285, 301, and 317,

showing that the synthesized episulfide resin is the mixture

of CY184 episulfide resin and CY184 epoxy resin and

CY184 epoxy resin with one thiirane group.

Elemental analysis (EA)

The sample was investigated by the vario EL cube ele-

mental analyzer under a test temperature of 1,223 K to

determine the sulfur contents of the product. The elemental

analysis revealed that the sulfur content was 10.3 mass%,

and therefore the calculated sulfur conversion rate was

55.38 %.

DSC measurement

Epoxy and epoxy/episulfide were mixed with MHHPA in a

certain ratio, respectively. The air bubbles of both systems

were removed by using centrifuge. The non-isothermal

reactions were investigated by using differential scanning

calorimetry (DSC, Q2000, TA instruments). About 6 mg

fresh resin mixtures were accurately measured, enclosed in

an aluminum DSC crucible, and scanned from 298 to

573 K with an identical empty crucible as the reference.

Dry nitrogen was used as protective gas, and the heating

rates were controlled at 5, 10, 15, and 20 K min-1.

Curing kinetics

Curing kinetics is one important way to study the curing

process of resins. DSC is a method to study thermal ana-

lysis kinetics. According to the DSC curves, the curing

degree of resins and the relationships among reaction rate,

time and temperature can be measured, and therefore the

kinetic equations can be determined. The basic principle

underlying this method is that the total area under the curve

is proportional to the heat release of curing; the heat release

rate is proportional to the rate of curing reaction, as Eq. (1):

da
dt

¼ 1

DH

� �
dH

dt
ð1Þ

The result of a DSC experiment is a curve of heat flux

versus temperature. Heat release can be obtained by inte-

grating the curve. The curing degree is calculated as

Eq. (2):

a ¼ Ht

DH
ð2Þ

where Ht is the reaction heat released up to a time t, DH is

the total reaction heat [9, 10]. According to the equation

above, the degree of conversion at different times can be

obtained by integrating the curve. By substituting them into

the kinetic equation, kinetic parameters can be determined.

Therefore, the basic equation describing curing process is

obtained.

According to the different reaction mechanism func-

tions, the kinetic models of resins are mainly divided into

two types: nth order model and autocatalytic kinetic model

[11–15], as following Eqs. (3) and (4):nth order model

da
dt

¼ A exp � Ea

RT

� �
1 � að Þn ð3Þ

Autocatalytic kinetic model

da
dt

¼ A exp � Ea

RT

� �
am 1 � að Þn ð4Þ

where m and n are reaction orders. If the parameters Ea, A,

m, and n are known, certain curing rate and curing degree

will be achieved by changing curing temperature and cur-

ing time.

Results and discussion

DSC

DSC curves at different heating rates are shown in Fig. 3.

The initial reaction temperature (Ti), peak reaction tem-

perature (Tp), and final reaction temperature (Tf) can be

obtained from Fig. 3, which are listed in Table 1. It can be

3600 3200 2800 2400 2000

Wavenumber/cm–1

1600 1200 800 400

CY184 epoxy resin

CY184 epoxy/episulfide resin 617 cm–1

916 cm–1

Fig. 2 Infrared spectrogram of CY184 epoxy resin and synthesized

CY184 episulfide resin
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found from Table 1 and Fig. 3 that the initial reaction

temperature of epoxy/episulfide system is about 60 K

lower than that of epoxy system, suggesting indeed the

high curing reactivity of the episulfide resin. However, the

peak reaction temperature and final reaction temperature of

both neat epoxy system and epoxy/episulfide system are

basically the same. Epoxy and episulfide can both react

with MHHPA. And we consider carefully and assume that

in epoxy/episulfide system, the reaction between episulfide

and MHHPA is the main reaction compared to the reaction

between epoxy and MHHPA at lower temperature, which

is consistent with high reactivity of episulfide resin and

explains the reason why initial temperature of epoxy/

episulfide system is lower. At higher temperature, on the

one hand, some of the episulfide resin is consumed, and on

the other hand, the reaction rate between epoxy resin and

MHHPA is increased, so the reaction between epoxy and

MHHPA is the main reaction in epoxy/episulfide system.

That is why the peak reaction temperature and final reac-

tion temperature of epoxy system and epoxy/episulfide

system are similar.

The exothermic enthalpy of MHHPA/CY184 epoxy

resin system and MHHPA/CY184 epoxy/episulfide resin

system is shown in Table 1. With the increase of the

heating rate, the exothermic enthalpy of MHHPA/CY184

epoxy resin system decreases, while the exothermic en-

thalpy of epoxy/episulfide system increases. The trend of

exothermic enthalpy of MHHPA/CY184 epoxy resin sys-

tem is easy to understand. At higher heating rates, the re-

action time decreases and therefore the curing conversion

is influenced which contributes to the decrease of

exothermic enthalpy of neat epoxy resin at higher heating

rates. However, the MHHPA/CY184 epoxy/episulfide resin

system has a totally different trend which is curious and

cannot be explained by the curing conversion. To explain

the phenomenon, we try to propose the curing mechanism

of MHHPA/CY184 epoxy/episulfide resin system by

combining the curing mechanism of epoxy/anhydride sys-

tem [16] and unique elementary curing reactions of thiirane

group with anhydride.

It is well known that the mechanism of epoxy resin

system using anhydride as a hardener can be described by

the reactions 1–3 when using strong Lewis base the tertiary

amine. According to the mechanism above and the curing
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Fig. 3 DSC curves of MHHPA/CY184 epoxy resin system and

MHHPA/CY184 epoxy/episulfide resin system at different heating

rates

Table 1 Calorimetric data of MHHPA/CY184 epoxy resin system and MHHPA/CY184 epoxy/episulfide resin system

Resin systems Heating rates/

K min-1
Initial reaction

temperatureTi/K

Peak reaction

temperature Tp/K

Final reaction

temperature Tf/K

Exothermic

enthalpy DH/J g-1

Epoxy resin system 5 368.74 409.97 445.11 307.05

10 375.49 422.24 454.12 304.20

15 377.54 429.11 465.62 298.83

20 382.93 433.89 474.12 264.51

Epoxy/episulfide

resin system

5 309.45 409.69 449.55 187.31

10 311.46 423.37 459.87 202.18

15 315.71 431.24 475.80 221.13

20 317.74 437.70 485.24 227.98
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mechanism of epoxy/episulfide with polyamide as a hard-

ener [6], we propose that besides the reactions (1)–(3),

reactions (4)–(7) take place in the MHHPA/CY184 epoxy/

episulfide resin system, which are shown in Fig. 4.

Reactions (4)–(6) are the elementary reactions of episulfide

group with anhydride in the presence of DMP-30 corre-

sponding to the epoxy group’s elementary reaction (1)–(3),

respectively.

By comparing the bond dissociation energies of C–S,

C–O, S–, O– [17], we can find out that the reaction heat of

reactions (4)–(6) is less than the reactions (1)–(3), respec-

tively. So, the overall exothermic enthalpy of MHHPA/

CY184 epoxy/episulfide resin system should be less than

that of MHHPA/CY184 epoxy resin system, which is

consistent with the data collected in Table 1. Because of

the high reactivity of episulfide group, episulfide resin has
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homopolymerization effect, as shown in reaction (7) whose

reaction heat is less than reaction (1).

When the heating rate is low, the reaction of episulfide

dominates because during the lower temperature range, the

reactions (1)–(3) of epoxy resin in epoxy/episulfide system

are relatively slow, and there is enough time for reactions

(4)–(6) and the homopolymerization of episulfide reaction

(7) to take place. So, the selectivity of reactions is sig-

nificant. As a result, the main reactions of the system are

reactions (4)–(7), and the exothermic enthalpy is lower.

However, at faster heating rate, there is not enough time

for reactions (4)–(7) to complete. And during the higher

temperature range, the selectivity of reactions loses its

significance. The main reactions of the system are reactions

(1)–(3), and the exothermic enthalpy increases as the in-

crease of the heating rate.

Determination of curing mechanism functions

and reaction kinetic parameters

In kinetic studies, Málek [18–22] proposed a relatively

complete method of most probable mechanism functions.

By analyzing the DSC curves at different heating rates, we

can calculate kinetic parameters, determine curing kinetic

model, as shown in the following steps: (1) using appro-

priate methods to obtain activation energy Ea; (2) accord-

ing to the shapes and characteristic values of two special

functions y(a) and z(a) to determine mechanism function

f(a); and (3) according to the mechanism function f(a),

choosing proper methods to calculate kinetic parameters

(including n, m, and pre-exponential factor A).

To achieve reliable Ea of both systems, Flynn–Wall–

Ozawa method (FWO) [23–25] was used to calculate the

activation energy, as Eq. (5)

ln bi ¼ Const:� 1:052Ea

RTa;i
ð5Þ

where bi represents heating rate; the subscript a represents

the conversion rate; Ea is activation energy; Ta,i is obtained

by conducting a series of thermal analysis at different

heating rate bi. The value of activation energy Ea is cal-

culated by the fitting straight line of lnbi versus 1/Ta,i.

Figure 5 shows the relationship between activation energy

and the conversion. The overall Ea for MHHPA/CY184

epoxy resin system is about 84.6 kJ mol-1 and for

MHHPA/CY184, epoxy/episulfide resin system is about

75.7 kJ mol-1.

According to the data of DSC, in order to make further

study on the curing behavior of two systems, we used Málek

method to determine appropriate reaction mechanism

functions, i.e., to determine f(a) through defined functions

y(a) and z(a), which are shown in Eqs. (6) and (7).

y að Þ ¼ da
dt

exp vð Þ ð6Þ

z að Þ ¼ p vð Þ da
dt

� �
T

b
ð7Þ

where v represents Ea/RT, p(v) represents the integral of

temperature. The expression is the approximate tem-

perature integral proposed by Senum and Yang [26], as

following Eq. (8):

p vð Þ ¼ v3 þ 18v2 þ 88vþ 96

v4 þ 20v3 þ 120v2 þ 240vþ 120
ð8Þ

Reaction mechanism functions were estimated by the

shapes of y(a) and z(a) and the characteristic values aM and

a1p . If 0\ aM\ 1 and a1p = 0.632, we would regard

curing reaction as the autocatalytic kinetic model. aM was

the curing degree corresponding to the maximum of y(a),

and a1p was the curing degree corresponding to the max-

imum of z(a). The curves y(a) – a and z(a) – a are shown

in Fig. 6, and Table 2 shows the specific data.

In Table 2, it was observed that 0\ aM\ 1 and

a1p = 0.632. According to the criteria proposed by Málek,

the kinetic mechanism functions fitted f að Þ ¼ am 1 � að Þn
,

i.e., SB (m, n) model, which is shown as Eq. (9):

da
dt

¼ A exp � Ea

RT

� �
am 1 � að Þn ð9Þ

where m and n are reaction orders.

Equation (11) can be obtained by transforming Eq. (10)

ln
da
dt

� �
exp

Ea

RT

� �� �
¼ lnAþ n ln am=n 1 � að Þ

h i
ð10Þ
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where, m/n equals to aM= 1 � aMð Þ. So for, 0.2 B a B 0.95

[27], the curves of ln da=dtð Þ exp Ea=RTð Þ½ � versus

ln am=n 1 � að Þ
� �

were linear, and the n was obtained from

the slope, m was calculated according to the values of n and

aM= 1 � aMð Þ, and the value of lnA was obtained from the

intercept of fitting straight line. Results are shown in

Table 2. Figure 7 shows the dependence of

ln da=dtð Þ exp E=RTð Þ½ �on ln am=n 1 � að Þ
� �

at the heating

rate of 10 K min-1 in both systems in the conversion range

from 0.2 to 0.95.

Substituting the results to Eq. (6), the curing kinetic

fitting equations of MHHPA/CY184 epoxy resin system

and MHHPA/CY184 epoxy/episulfide resin system were

achieved, as following Eqs. (11) and (12):

MHHPA/CY184 epoxy resin system:

da
dt

¼ 4:940 � 109 exp � 84425

RT

� �
a0:396 1 � að Þ1:001 ð11Þ

MHHPA/CY184 epoxy/episulfide resin system:

da
dt

¼ 1:156 � 109 exp � 75738

RT

� �
a0:003 1 � að Þ1:037 ð12Þ

Compared with Eq. (11), the value of m of MHHPA/

CY184 epoxy/episulfide resin system in Eq. (12) is far less

than that of MHHPA/CY184 epoxy resin system in

Eq. (11). Since a represents the conversion rate, the ex-

tremely small value of m shows that the reacted part has

very little influence on the curing rate of MHHPA/CY184

epoxy/episulfide resin system compared with MHHPA/

CY184 epoxy resin system [8]. That is to say, unlike the

MHHPA/CY184 epoxy resin system which has significant

autocatalytic effect, the consumed accelerator DMP-30 and

resultant groups like O- and C(O)O-, which have an im-

pact on the curing rate of MHHPA/CY184 epoxy resin

system as shown in Eq. (11), have almost no influence on

the curing rate of MHHPA/CY184 epoxy/episulfide resin

system. We assume that because of the high reactivity and

fast curing rate of episulfide groups and S-, the resultant

S- can carry out reaction with thiirane groups and MHHPA

immediately to form branch structures with slightly resi-

dual S- groups as autocatalytic effect. This is consistent

with the DSC curves.

We compared the fitting curves with experimental

curves, as shown in Fig. 8, and the initial conditions were
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Table 2 Maximum of the y(a), z(a), and parameters of SB (m, n)

Resin systems Heating rates/K min-1 aM a1p n m A

Epoxy resin system 5 0.267 0.617 0.933 0.340 4.462E10

10 0.292 0.619 1.042 0.430 5.017E10

15 0.266 0.615 1,066 0.385 5.139E10

20 0.307 0.635 0.962 0.427 5.144E10

Average value 1.001 0.396 4.940E10

Epoxy/episulfide resin system 5 0.005 0.640 0.998 0.005 1.235E10

10 0.003 0.645 0.978 0.003 1.145E10

15 0.003 0.639 1.111 0.003 1.133E10

20 0.003 0.667 1.063 0.003 1.113E10

Average value 1.037 0.003 1.156E10
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set as a = 0 when T = 313 K for MHHPA/CY184 epoxy/

episulfide resin system and a = 0 when T = 325 K for

MHHPA/CY184 epoxy resin system. It can be observed

that the fitting curves fit well, which indicates that using

Eqs. (11) and (12) to describe the non-isothermal curing

process of these two resin systems, respectively, is appro-

priate. From Fig. 8, Eqs. (11) and (12), it can be seen that

MHHPA/CY184 epoxy resin/episulfide system can lower

the initial curing temperature and have faster curing rate in

the early stage. This model provides necessary theoretical

basic for the selection of technological parameters for two

resin systems.

Advanced isoconversional kinetic analysis

Advanced isoconversional method developed by Vya-

zovkin [28–30] can be used to determine the relationship

between activation energy Ea and conversion rate. Iso-

conversional kinetic methods follow isoconversional

Flynn–Wall–Ozawa principle which is based on the

assumption that the reaction rate at a given degree of

conversion is only a function of the temperature. Without

assuming a particular form of the reaction model, the

method allows for evaluating effective activation energy as

a function of the extent of reaction. Specific calculation

process is given in references [31–33]. Linear heating

non-isothermal curing process mainly used the following

Eqs. (13) and (14).

UðEaÞ ¼
Xn
i¼1

Xn
j6¼i

I Ea; Ti tað Þ½ �b�1
i

I Ea; Tj tað Þ
� �

b�1
j

ð13Þ

I Ea; Ti tað Þ½ �c�
Zta

ta�Da

exp � Ea

RTj tað Þ

� �
dt ð14Þ

where b represents the heating rates; subscripts i and

j represent the test results at different heating programs,

i.e., the results at different heating rates of 5, 10, 15, and

20 K min-1 in this paper; n represents test number, i.e.,

four different heating processes; a represents conversion
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degree; and Da represents the small increment of a. In

order to reduce the error, Da equals to 0.01. I represents

temperature integral. Under different heating rates, the

dependence of non-isothermal curing conversion degree a
on the temperature is shown in Fig. 9. It can be seen that

MHHPA/CY184 epoxy resin/episulfide system exhibits

faster curing rate before the conversion rate a\ 0.4.

After interpolating a–T curves by non-linear interpola-

tion, temperature integral was approximately calculated by

trapezoidal rule. Substituting the approximate temperature

integral at [a–Da, a] interval under different heating pro-

grams into Eq. (13). Keeping changing the value of Ea,

when the value of Eq. (13) was minimized, this Ea was

considered as the average value of this interval. Because

Da was relatively small, the calculation results maintain

high accuracy.

From Fig. 10, it can be seen that the activation energy

calculated by advanced isoconversional has the same trend

with the activation energy calculated by FWO method.

The activation energy of the epoxy/episulfide system

decreases with the increase of the conversion rate in the

conversion range from 0.1 to 0.90 (average value is about

67.6 kJ mol-1). In the conversion range from 0.10 to 0.30,

the decrease of activation energy is significant. In the

conversion rate from 0.30 to 0.90, the activation energy

slightly decreases (about 62.4 kJ mol-1). For the MHHPA/

CY184 epoxy resin system, the conversion rate keeps ba-

sically the same in the conversion range from 0.10 to 0.40,

and then slightly decreases in the conversion range from

0.4 to 0.90. The overall activation energy of epoxy system

in the conversion range from 0.10 to 0.90 is about

86.3 kJ mol-1.

Several factors combined influence the activation energy

of curing reaction process. Firstly, during the curing pro-

cess, the molecular mass increases and therefore the

branched and networked polymer chains were formed,

contributing to the decrease in the mobility of reactive

groups and the increase of flow activation energy. Se-

condly, the reaction centers, such as the sulfhydryl groups,

alkoxide, and carboxylate anion, are formed by adding

tertiary amine to epoxy system and epoxy/anhydride sys-

tem both using anhydride as a hardener. As a result, the

activation energy of reaction decreases during the curing

process. Finally, during the non-isothermal curing reaction,

the temperature increases and therefore the mobility of

molecular chains and groups is improved. And the diffu-

sion activation energy decreases [34]. The three factors

mentioned above together result in the variation of acti-

vation of MHHPA/CY184 epoxy resin system and

MHHPA/CY184 epoxy/episulfide resin system.

Compared with MHHPA/CY184 epoxy resin system,

the relatively high viscosity of MHHPA/CY184 epoxy/

episulfide resin system at lower temperature constricts the
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mobility of molecular chains and groups; so, the diffusion

activation is high. The increase of temperature reduces the

viscosity of MHHPA/CY184 epoxy/episulfide resin system

and therefore the diffusion activation drops noticeably.

With the increase of the conversion rate, not only the re-

action centers like alkoxide and carboxylate anion which

also exist in epoxy resin system, but also the highly active

reaction centers, the sulfhydryl groups are formed. As a

result, both the diffusion and reaction activation energy

decrease, and the overall Ea of MHHPA/CY184 epoxy/

episulfide resin system decreases and is less than that of

MHHPA/CY184 epoxy resin system.

For MHHPA/CY184 epoxy resin system, the slight de-

crease of activation energy at beginning is mainly due to the

decrease of diffusion activation energy caused by the in-

crease of temperature. And the balance of three factors

contributes to the consistency of the activation energy in the

conversion range from 0.10 to 0.40. And again, the decrease

of diffusion activation energy largely causes the slight de-

crease of activation energy of MHHPA/CY184 epoxy resin

system in the conversion range from 0.40 to 0.90.

Conclusions

CY184 epoxy resin was used to synthesize CY184

episulfide/epoxy resin system which was characterized by

FTIR, ESI–MS, and EA. The episulfide conversion rate

was 55.35 %. The non-isothermal curing kinetics of the

MHHPA/CY184 epoxy resin system and MHHPA/CY184

epoxy/episulfide resin system has been studied com-

paratively. The curing mechanism of MHHPA/CY184

epoxy/episulfide resin system was proposed to explain the

curing behavior. By using integral isoconversional methods

of Vyazovkin and FWO method, the activation energy of

MHHPA/CY184 epoxy resin system and MHHPA/CY184

epoxy/episulfide resin system was calculated. The curing

kinetics has been simulated by Málek method. The results

showed that both systems fitted SB model. The influence of

episulfide resin in the MHHPA/CY184 epoxy/episulfide

resin system has been discussed, and results show that

episulfide resins have faster curing rate and could lower the

initial reaction temperature and the exothermic enthalpy.
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