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초록: 실리콘 고무로 개질된 에폭시/클레이 나노콤포지트의 경화 거동을 미분주사열량계(DSC)와 진동 레오미터를

이용하여 연구하였다. 지환형 에폭시 수지, 아민기를 포함하는 실리콘 고무, 무수 경화제, 나노클레이의 반응을 통해

나노콤포지트를 제조하였다. 클레이 함량이 4 phr로 증가함에 따라 경화 속도는 증가하였고 반응열은 감소하였으며

젤화 시간은 감소하였다. 등온경화 실험의 결과는 개선된 Kamal 모델에 잘 부합하였다. 이에 개선된 Kamal 모델을

적용하여 본 시스템의 전체적인 경화특성을 모사할 수 있으리라 사료된다.

Abstract: The curing behavior of silicone rubber modified epoxy/clay nanocomposites was studied using a differential

scanning calorimeter (DSC) and an oscillatory rheometer. The nanocomposites were prepared from the reaction of

cycloaliphatic epoxy resins, silicone rubber containing amine functional group, anhydride hardener and nano-clay. As the

clay content increased until 4 phr, the curing reaction rate increased, the reaction heat decreased, and the gelation time

decreased. The isothermal cure results were well matched with the modified Kamal’s model. Therefore, it is thought that

the overall cure characteristics can be simulated by applying a modified Kamal’s model.

Keywords: silicone rubber, cycloaliphatic epoxy, cure kinetics, chemorheology, nano-clay.

Introduction

Epoxy resin has excellent mechanical, chemical, and elec-

trical properties, and is a great general-purpose material widely

used as electrical and electronic materials and aerospace com-

posite materials. Due to its brittle properties, however, many

studies have been carried out to improve it.1-4 As part of such

efforts, additions of various rubbers to it or its reactions with

high molecules of silicone or urethane were attempted.5-7 In

particular, there has been a lot of research recently on the

copolymerization of siloxane and epoxy.8-10 However, the copo-

lymerization of siloxane is complex in the reaction process and

requires very demanding management, such as a number of pro-

cesses, for immediate application and utilization in the field.

The properties of epoxy resin are predetermined by the

chemical structure of resin and hardener before curing as well

as the network structure after curing. Therefore, the type and

structure of the segments that make up the molecular chain,

and the cure conditions during processing have a significant

influence on the network structure. In order to optimize the

physical characteristics of the final product by controlling the

reaction in the commercial process, the curing rate and reaction

activation energy at different temperatures should be known.

Thus, the study of curing kinetics is essential to investigate the

relationship between the structure and properties of epoxy

resin. The reaction kinetics studies have been mainly reported

using spectroscopic instruments such as FTIR, NMR, and

Raman11-13 and the thermal decomposition reaction kinetics has

been studied using TGA.14-16 DSC has been also widely used to

study the exothermic curing reaction of thermosetting resin.17-19

In this study, the modified epoxy resin with flexible siloxane

segment was manufactured by reacting the cycloaliphatic
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epoxy resin with the commercial liquid silicone resin con-

taining amine functional groups. Then, anhydride hardener,

imidazole catalyst, and nano-clays were added to it and its cur-

ing behavior was investigated using DSC and oscillatory rhe-

ometer. In the future, the thermal and mechanical properties

and morphology of the cured samples will also be studied.

Experimental

Materials. The epoxy resin used in this study was cycloal-

iphatic type ES602 of Hajin Chemtec Co. with epoxy equiv-

alence of 164~177 g. The liquid silicone resin was DC3055 of

Dow Corning with amine equivalence of 250~270 g. The

HJ5500 (methyl hexahydrophthalic anhydride) of Hajin

Chemtec Co. with equivalence of 166 g was used as a curing

agent. 1-cyanoethylene-2-ethyl-4-methyl imidole (2E4MZ-CN)

of Shikoku Kasei, Japan was used as an accelerator. Nano-clay

was Cloisite 30B (Southern Clay, USA). All materials in this

study were used without further purification and the chemical

structures are shown in Figure 1.

Nanocomposite Preparation. Silicone resin and epoxy

resin were preheated at 50 oC and mixed at 500 rpm for 10 min.

Nano-clay, anhydride hardener, and accelerator were added to

it and mixed for another 5 min, followed by an ultrasonic treat-

ment using the ultrasonic horn (1500 W, 20 kHz) for 20 min.

The bubbles in the mixture were removed in a vacuum oven

for 15 min. The mixing ratio of silicone rubber modified epoxy

nanocomposite (hereinafter referred to as SEN) in this study is

as shown in Table 1. These prepared mixtures were cured

according to the heat applied to the differential scanning cal-

orimeter (DSC) and the rheometer measurement. The curing

reaction process of above silicone rubber-mixed epoxy resin

and anhydride hardener is illustrated in Figure 2.

Instruments. The differential scanning calorimeter (DSC,

DSC2910, TA Instrument) was used to measure the thermal

behavior by the curing reaction. The prepared uncured spec-

imen was contained about 10±3 mg in a hermetic pan and was

dynamically scanned under nitrogen at a rate of 5, 10, 15,

20 oC/min. The isothermal heat curves were also obtained by

curing them at 120, 130, 140, 150, and 160 oC.

The rheological measurements were conducted using a

stress-controlled rotational rheometer (Physica MCR500,

Anton Parr), to examine the viscoelastic properties in terms of

the *, G', and G". A 25 mm diameter parallel plate was

mounted with a gap size of 1 mm. For all specimens, the fre-

quency was 10 rad/s and the temperatures were at 80, 90, 100,

and 120 oC.

Figure 1. Chemical structures of the materials used in this study: (a)

epoxy (ES602); (b) silicone rubber (DC3055); (c) hardener (HJ5500);

(d) accelerator (2E4MZ-CN); (e) nano-silicate (cloisite 30B).

Table 1. Mixing Ratios (by Weight) of the Nanocomposites

Sample 
code

Epoxy
Silicone 
rubber

Hardener Accelerator
Nano-
clay

SEN 0 90 10 88 1 0

SEN 2 90 10 88 1 2

SEN 4 90 10 88 1 4

SEN 8 90 10 88 1 8

Figure 2. Reaction scheme of silicone rubber modified epoxy with

anhydride.
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Results and Discussion

Dynamic Curing Kinetics. Figure 3 is the result of thermal

analysis of SENs when changing clay content while keeping

DSC at a constant heating rate of 15 oC/min. All samples

started to release heat at about 75 oC, showed peak near 160 to

170 oC, and stopped heat near 200 to 250 oC. As the clay con-

tent increased, the heat peak moved toward lower temperatures

and the peak height decreased. This is due to the acceleration

effect of the reaction of ammonium and hydroxyl groups on

the surface of the clay, resulting in faster reaction as the clay

content increased.20,21 In addition, at high temperatures, organic

ions in the nanocomposite promote homopolymerization21 and

reduce reaction heat due to reduced crosslinking density.22

To calculate reaction activation energy from the dynamic

DSC data of the SENs, the following expressions were derived

by Kissinger.23

(1)

where b is the heating rate (oC/min), Tp is the peak temperature

(K) on the DSC curve, and R is the gas constant. This equation

was derived under the assumption that the degree of cure at the

peak temperature, p, is constant regardless of the heating rate,

and has been applied to several types of thermosetting resins.24,25

Figure 4 is a Kissinger plot that illustrated ln(b/Tp
2) as a

function of 1000/Tp to apply the DSC results with different

scanning temperatures to eq. (2). Although there were some

errors, the results were generally close to straight lines.

The amount of heat integrated on the peak and the reaction

activation energy obtained from the slope of the trend line

were summarized in Table 2. The amount of heat decreased as

the clay content increased, while the reaction activation energy

was almost the same. It is therefore thought that changes in the

content of the clay have little effect on the activation energy.

Degree of cure was obtained by dividing the running integral

value of the heat release rate by the total reaction heat, and the

results are illustrated in Figure 5. As the temperature increased

b/Tp

2 ln– Ea/RTp const+=

Figure 3. DSC curves of the nanocomposites at different clay con-

tents at a heating rate of 15 oC/min.

Table 2. DSC Results of the Nanocomposites at Different Clay

Contents

Sample code Ea (kJ/mol) ΔH (J/g)

SEN 0 60.8 304

SEN 2 61.9 293

SEN 4 59.2 272

SEN 8 60.0 245

Figure 4. ln(b/Tp
2) vs 1000/Tp of the nanocomposites at different

clay contents.

Figure 5. The degree of cure of the nanocompoistes at a heating

rate of 15 oC/min with varying clay content.
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the degree of cure gradually increased in the initial cure stage

and then sharply increased to approach 1 at the end. When the

clay was added, this phenomenon began at much lower tem-

peratures and the difference according to clay content was not

significant.

This temperature shift is attributed to the heat transfer effect

due to the addition of clay with high thermal conductivity.

When a sample is exposed to heat, the temperature of the

entire sample does not reach the set temperature. The more

samples you have, the more time it takes for heat to penetrate.

Furthermore, polymeric materials take longer due to their low

thermal conductivity. However, when a material with a high

thermal conductivity is mixed, heat is quickly penetrated and

the reaction starts faster.

Isothermal Curing Kinetics. In Figure 6, the DSC ther-

mogram of SEN was illustrated when the clay content was

changed while the set temperature of DSC was kept constant

at 130 oC. In the initial few minutes the heat flow curves show

no tendency, because no matter how much well DSC works,

when the cell lid is opened to place the SEN sample in DSC,

the isothermal condition is destroyed and it takes time to reach

the thermal equilibrium again. Thus, the records in the initial

few minutes may appear to be somewhat smaller than the

actual heat.

Figure 7 shows the peak time and heat of cure as a function

of temperature and clay content. As the temperature increased,

the peak time progressed faster and the heat of cure decreased

slowly as a whole. It was similar to the dynamic cure reaction

analysis. The small picture in Figure 6 shows the changes in

heat of cure in more detail as the clay content increased. As the

clay content increased, the heat generation decreased dra-

matically at over 2 phr of clay content, but there was no sig-

nificant change at over 4 phr of clay content.

The Kamal equation is a phenomenological model that con-

siders the curing reaction of epoxy resin to be an autocatalytic

reaction when cured at isothermal.26

(2)

where  (i = 1,2)

where k1 and k2 are the reaction rate constants for non-auto-

catalytic and autocatalytic reaction, respectively. m and n are

the catalytic constants, k10 and k20 are the pre-exponential fac-

tors, and Ea1 and Ea2 are the activation energies.

The curing behavior of the epoxy begins initially with acti-

vation-controlled reaction, but as the reaction progresses grad-

ually, the mechanism switches to diffusion-controlled. To

express this, the modified Kamal’s model corrected by intro-

ducing the diffusion factor, f(), is shown in eq. (3).26-30

(3)

where 

where c is the maximum degree of cure for a given cure tem-

perature and C is the diffusion parameter.

The values of kinetic variables for the modified Kamal’s

model were obtained using a multivariable regression method

and are listed in Table 3. The higher the temperature, the

higher the reaction rate constant k1 and k2 were, the more pro-

d

dt
------ k1 k2

m
+  1 – n=

ki ki0
Eai–

RT
------------- 
 exp=

d

dt
------ k1 k2

m
+  1 – nf  =

 f  
2

1  c– /Cexp+
----------------------------------------- 1–=

Figure 6. Isothermal DSC curves of the nanocomposites at 130 oC

with varying clay content.

Figure 7. Isothermal peak time and heat of cure vs temperature of

the nanocomposites at different clay contents.
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nounced the k2 was. On the other hand, the clay content had lit-

tle effect on the reaction rate constants. The values of m and n

were not constant and had large deviations regardless of the

clay content. c showed a value between 0.87 and 0.97 without

a constant tendency. The values of diffusion parameter C were

also almost the same regardless of the clay content.

In order to obtain the reaction activation energies and pre-

exponential factors, the natural logarithm to the rate constants

was taken and their values were plotted against the reciprocal

of the temperature, resulting in near straight lines as shown in

Figure 8. The reaction activation energies and pre-exponential

factors were obtained from the slopes and the intercepts of the

straight lines respectively and are summarized in Table 4. As

the clay content increased, it was seen that the values of reac-

tion activation energies and pre-exponential factors decreased

overall.

The reaction activation energies and pre-exponential factors

of the cure kinetic equation obtained from the above could be

applied to the modified Kamal model to calculate the cure rate.

The rate of cure vs. degree of cure of the nanocomposites with

a clay content of 2 phr was illustrated in Figure 9, together

with the experimental values. As the degree of cure increased,

the rate of cure increased, showed the maximum value at

around degree of cure 0.3 and decreased again. The higher the

cure temperature, the more significantly the rate of cure

increased. The results for other contents were omitted due to

similar trends, with only differences in reaction rate values. It

was thought that these measured values of the curing rate

would be somewhat lower than the actual values. It is because

the heat released and spread throughout the sample was

recorded by DSC before equilibrium was reached.31,32 The

experimental data of the curing rate were well matched with

their calculations using the modified Kamal equation. There-

Table 3. Kinetic Parameters for Modified Kamal’s Model of

the Nanocomposites

Sample 
code

T 
(oC)

k1 
(h-1)

k2

(h-1)
m n c C

SEN 0

120

130

140

150

4

13

22

33

6

32

58

157

0.65

0.91

0.85

0.98

0.59

0.18

0.26

0.46

0.88

0.97

0.95

0.94

0.16

0.99

0.95

0.94

SEN 2

130

140

150

160

14

26

25

40

35

126

133

309

0.80

1.00

0.60

0.82

0.18

0.54

0.19

0.39

0.94

0.92

0.89

0.94

1.14

0.92

0.89

0.94

SEN 4

130

140

150

160

13

24

41

77

50

72

162

450

0.81

0.78

0.86

1.14

0.42

0.32

0.52

0.83

0.90

0.94

0.87

0.91

0.90

0.94

0.88

0.91

SEN 8

130

140

150

160

12

22

32

60

53

97

221

376

0.72

0.69

0.77

0.84

0.29

0.23

0.51

0.61

0.90

0.91

0.92

0.94

0.91

0.91

0.92

0.94

Figure 8. Arrhenius plot for the rate constant of the nanocomposites

at different clay contents.

Table 4. Reaction Activation Energy and Pre-exponential

Factor of the Nanocomposites at Different Clay Contents

Sample 
code

Ea1 (kJ/mol) Ea2 (kJ/mol) ln ko1 (s
.-1) ln ko2 (s

.-1)

SEN 0 102 144 24.5 37.9

SEN 2 50 101 9.4 25.7

SEN 4 84 107 19.3 27.5

SEN 8 74 97 16.4 24.7

Figure 9. Rate of cure vs degree of cure of the nanocomposites

(clay 2 phr): experimental results (symbol); modified Kamal’s

model (line). Dashed lines are the simulated results at clay 0 phr.
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fore, it is believed that the modified Kamal model well rep-

resents the cure process in this study.

Chemorheology. The rheological properties of the nano-

composites were investigated at different temperatures. The

changes in the storage modules G' and the loss modulus G"

during the curing were measured. As shown in Figure 10, the

G' and G" showed a gradual increase over time, then a sharp

increase in a particular time zone. This is due to that the molec-

ular mobility decreases gradually as the curing progresses and

decreases rapidly as crosslinking between molecules begins.

This trend was noticeable when the temperature was higher,

and the time when the G' and G" began to increase rapidly was

also shortened, which is thought to be due to the fast reaction

at higher temperatures.

As the curing progresses, it is necessary to define the first

time a high-molecular weight polymers appears, called the gel

point. It is very important to know the gel time of the material

that crosslinks in the actual process because it is almost impos-

sible to process after the gelation time due to the very high vis-

cosity. In general, the gel time is defined as the time to reach

the inflection point of the change in viscosity or the inter-

section of the storage modulus G' and the loss modulus G", i.e.

tan δ = 1.33 It also means the transition from a viscous fluid to

a viscous solid due to sufficient entanglement in the polymer

chain, and the case of the nanocomposite with a clay content

of 2 phr at 100 oC is shown in Figure 10. The small picture

shows a change in gel time as a function of temperature, which

resulted in a decrease according to Arrhenius formula as the

temperature increased. The time of gelation according to clay

content and temperature was given in Table 5. It could be seen

that the gel time decreased as the cure temperature increased at

each content. On the other hand, the gel time decreased as the

clay content increased, but increased again when the clay con-

tent was 8 phr. It is thought to be due to the catalytic effect of

clay as explained in Figure 3 and the role of clay as a heat

sinker. In other word, the catalytic effect was dominant in low

clay content, but in high clay content, the heat loss was greater,

resulting in longer gelation time.

The relationship between gelation time and temperature can

be expressed in the form of Arrhenius Law.34

 where (4)

where k' is the rate constant obtained using gelation time, k'0 is

the pre-exponential factor, Ea is the activation energy, and R is

the gas constant. The natural logarithm on both sides of the eq.

(4) is as follows.

lntgel = lnk'0 + Ea/RT (5)

Therefore, the change in the gel time based on the inter-

sections of modulus under isothermal conditions was illus-

trated as a function of the reciprocal of the temperature in

k k0 Ea/RT– exp= k 1/tgel

Figure 10. G' and G" vs time of the nanocomposites (clay 2 phr)

isothermally cured at 100 oC.

Table 5. Gel Time (min) and Activation Energy of the

Nanocomposites at Different Clay Contents

Sample
code

T (oC) Ea

80 90 100 120 (kJ/mol)

 SEN 0 92 38 17 4  93.0 

 SEN 2 80 35 17 3  97.7 

 SEN 4 77 33 16 2  100.4 

 SEN 8 91 41 22 3  96.1 

Figure 11. ln tgel vs 1000/T of the nanocomposites at different clay

contents.



Cure Kinetics and Chemorheology of Silicone Rubber Modified Epoxy/Clay Nanocomposites 169

 Polym. Korea, Vol. 44, No. 2, 2020

Figure 11. As the clay content increased, the intercept of plot

decreased, which means shorter gelation time. The activation

energies obtained from the slopes were added to Table 5. An

increase in activation energy could be seen as clay content

increased. The activation energy values obtained here showed

some deviation from those obtained using Kissinger equation

in the dynamic curing study. This is thought to be due to the

amount of samples and the heating mode used in the cure

kinetics experiment being different from those used in the

chemorheology experiment, resulting in a different heat trans-

fer effect. The amount of samples used in the dynamic cure

kinetics is several mg, whereas that in the chemorheology is

several g. Therefore, the difference of time lag is inevitable to

reach the set temperature. There are also different heating

mechanism and temperature sensing mechanism between the

two methods.

Conclusions

The curing reaction was made by adding anhydride hard-

ener, nano-clay, and accelerator to the cycloaliphatic epoxy

resin modified with the liquid silicon rubber. Using DSC

dynamic analysis, the reactivity of the mixture was investi-

gated. As the clay content increased, the curing rate increased,

the reaction heat decreased, and the activation energy changed

little. Similar results were found in DSC isothermal analysis

and the experimental values of isothermal curing reactions

were well matched with the calculation of modified Kamal’s

model. Reactivity was also tested under constant shear rate in

a rheometer and the gelation time was shortened as the clay

content increased. Therefore, by adding a small amount of

nano-clay to the cycloaliphatic epoxy resin modified with sil-

icone rubber, it is believed that the outdoor purpose epoxy

nanocomposites with enhanced processibility as well as good

flexibility and weather resistance can be obtained.
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