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ABSTRACT: A series of shape memory epoxy composites reinforced by varied carbon-black (CB) contents were prepared. Stress relaxa-

tion tests were preformed to characterize the viscoelastic behavior of the specimens at different temperatures. An empirical rheological

model was used to simulate the impacts of the temperature and CB content on the viscoelastic behavior of the materials. The results

show that the additive of CB particles can significantly improve the stiffness and decrease viscoelastic properties of shape memory ep-

oxy. In addition, parameter analyses in the theoretical simulation present a further understanding about the impact of the additives

on the properties of SMPs. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 129: 1322–1327, 2013
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INTRODUCTION

Shape memory polymers (SMPs) are one class of smart materials.

They can be fixed into a temporary shape and subsequently recover

original shape under the action of an external stimulus. Due to their

many unique advantages over shape memory alloys and ceramics,

such as low density, high fixture strain, easy processing, wide shape

transition temperature, and biocompatibility, the potential applica-

tions of SMPs include biomedical engineering,1 space deployable

structures,2 microelectromechanical systems,3 etc. Since the first

SMP was reported in the 1980s, various SMPs and their composite

structures have been introduced, including SMP matrix,4–7 particle-

or fiber-reinforced SMP composites,8–10 SMP foams,11 SMP sand-

wich structures,12,13 etc. Meanwhile, a great number of works have

been devoted to the investigation of their thermomechanical behav-

ior and shape memory effect.14–24

Compared with the most common reported thermo-activated

SMPs, electro-activated SMPs are more convenient in many en-

gineering applications. The physical mechanism of electro-

actived SMPs is heating for the shape recovery means of Joule

heating. Recently, various electrically conductive SMP compo-

sites have been reported by introducing conductive additives

such as carbon particles, carbon fibers or carbon nanotubes

into SMP matrix.25–27 However, few reports have investigated

the impact of inorganic additives on the viscoelastic behavior of

SMPs, although it is vital for the materials to work as dynamic

sensors and actuators. In this study, epoxy SMP composites

with varied carbon-black (CB) contents were synthesized. Stress

relaxation tests were carried out. The effects of CB content and

temperature on the viscoelastic behavior of the specimens were

analyzed by an empirical rheological model.

SPECIMEN PREPARATION AND EXPERIMENTAL
PROCEDURE

The raw materials of epoxy SMP in this study consist of epoxy

resin E-51 and curing agent of 4,40-methylenedianiline (DDM),

in which the mass ratio is 100: 15. A commercial CB particle

with a mean diameter of 50 lm was used as the additive. The

synthesis process of SMP specimens is briefly described as fol-

lows: after preheating to 110�C, epoxy resin E-51 is stirred for

20 min at the velocity of 150 rpm by a magnetic-force stirrer.

Then, the presetting quantity of the curing agent and CB par-

ticles are added and stirred for another 20 min at the velocity

of 260 rpm. A homogenous solution is produced. After that,

the solution is poured into a mold and dried for 2.5 h at 80�C
and subsequently 2 h at 150�C. Finally, four types of specimens

are synthesized. Table I lists the formulations of the specimens

used in this study, and they are marked as 1# to 4#.

The stress relaxation test was performed by an in-house devel-

oped test system and a temperature-controlled environmental

chamber. The size of the specimens was 50 � 15 � 3.34 mm3

(length � width � thickness). The temperature was measured

with a thermocouple thermometer. To ensure the thermal equi-

librium of the specimens, they were equilibrated at least 10 min

before each experiment.

VC 2012 Wiley Periodicals, Inc.
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EXPERIMENTAL RESULTS

Figure 1 presents the stress relaxation curves of specimens 1# to

4# at different temperatures. The results show that the tempera-

ture has a remarkable impact on the stress relaxation behavior

of the materials. The stress relaxation is relatively lower at both

low and elevated temperatures, but higher at the intermediate

temperatures (e.g., 363 K). Moreover, the stress relaxation at the

low and elevated temperatures is not symmetrical. It is higher

at elevated temperatures in comparison to that at the low

temperatures.

The above experimental results reflect the microstructure fea-

tures of epoxy SMPs at different temperatures. Epoxy SMPs

consist of both crystallites and amorphous chains. The crystalli-

tes are elastic-responsive and the amorphous chains undergo a

phase change over the range of the test temperatures. When the

temperature is well above the glass transition temperature of the

material, Tg, the amorphous phase is very soft and the material

can have a large deformation via free conformational entropy

change, along with some viscous-related deformation mecha-

nisms such as oriented and relative movements of amorphous

chains.28 When the temperature is much lower than Tg, the

amorphous chains become rigid and the structure is frozen, in

which the large-scale conformational changes are not possible

and the material behaves as an elastic solid at small strains.16

The viscoelastic effect in these two states is relatively low. When

the test temperature is close to Tg, the viscoelastic effect

Table I. Formulations of the Prepared Shape Memory Epoxy Composites

(Mass Ratio)

Specimen 1# 2# 3# 4#

E-51 100 100 100 100

DDM 15 15 15 15

CB particles 0 10 15 20

Figure 1. Typical stress relaxation curves of specimens 1# to 4# at different temperatures. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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Figure 2. Relaxation stresses and mean relaxation rates of specimens 1# to 4# at different temperatures (T ¼ 1200 s). [Color figure can be viewed in the

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

Figure 3. Glass transition temperatures and maximum relaxation ratios in specimens 1# to 4#.
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becomes most significant due to the viscous flow of the amor-

phous phase.

To present a quantitative comparison of the stress relaxation of

the materials at different temperatures, two parameters, the

relaxation magnitude Dr and the relative relaxation ratio R at

are introduced and defined as:

Dr ¼ r� r0; R ¼ Dr=r0; (1)

where r0 and r denote the initial stress and relaxation stress in

the experiment, respectively. Figure 2 shows the experimental

results of specimens 1# to 4# at different temperatures.

According to Figure 2, Dr and R first increase with increasing

temperature and then decrease. The Tg of the materials can

be determined by the peak value of these curves. Moreover,

the results exhibit that the curves of R versus temperatures

(R � T) are more regular than that of Dr versus temperature

because the effect of the initial stresses is normalized in the

R � T curves.

According to Figure 2, Figure 3 presents the glass transition tem-

perature Tg and maximum relaxation ratio Rmax in specimens 1#

to 4#. The results show that the Tg is insensitive at lower CB

contents. For example, no difference can be found in Tg for

specimens 1#, 2#, and 3#. Only when the CB content reaches

20% in specimen 4#, the Tg value increases from 368 to 373 K.

However, the influence of CB content on Rmax is different.

Figure 4. Schematic diagram of linear viscoelastic model. Noted that the

crystallites in SMPs are modeled by an elastic spring with the stiffness of

E1, and the amorphous chains are modeled by a Kelvin model with pa-

rameters of E2 and g2.

Figure 5. Experimental and modeling results of the stress versus temperature for specimens 1# to 4#. Note that the experimental and simulating results

are represented by solid points and lines, respectively. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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The Rmax in pure epoxy SMP is 6.427, whereas it decreases to

3.740 in specimen 2# with 10% CB content, and then no signifi-

cant difference can be found with further increasing the CB

content.

SIMULATION RESULTS AND DISCUSSIONS

Model

In view of the microstructure, the epoxy SMP is a mixture of

two phases: crystallites surrounded by amorphous chains. As

mentioned above, the crystallites are elastic and the amorphous

chains exhibit a viscoelastic response. The shape memory effect

is due to the frozen/recovery responses of the amorphous chains

as the temperature changes.

To capture the different deformation characteristics of crystalli-

tes and amorphous chains, the stress relaxation behaviors of the

materials at different temperatures were simulated by a rheolog-

ical model as illustrated in Figure 4. The viscoelastic response of

the amorphous chains was simulated by a Kelvin model, and

the elastic response of the crosslinked chains was modeled by a

spring. Thus, the stress in the relaxation test can be expressed

as

rðT ; tÞ ¼ E1ðTÞE2ðTÞ
E1ðTÞ þ E2ðTÞ

e0 þ E1ðTÞe0

1� E2ðTÞ
E1ðTÞ þ E2ðTÞ

� �
e
�E1 ðTÞþE2 ðTÞ

g2ðTÞ
t ð2Þ

where e0 denotes the constant strain in the relaxation test; The

Young’s moduli, E1ðTÞ and E2ðTÞ, reflect the instantaneous elas-
tic responses of the crystallites and amorphous chains, respec-

tively; the viscosity, g2ðTÞ, reflects the viscous response of the

amorphous chains.

Some representative experimental and modeling results are

shown in Figure 5. The results show that the modeling curves

are in good agreement with the experimental data for specimens

1# to 4#. The dependence of the modeling parameters on tem-

peratures are shown in Figure 6. The results show the influence

of CB reinforcement on E2ðTÞ and g2ðTÞ is higher than that on

E1ðTÞ. In addition, the dependence of E2ðTÞ and g2ðTÞ on CB

contents is higher at elevated temperatures than that at lower

temperatures. These simulations can be understood in view of

the micro-structure of this class of functional materials. CB par-

ticles are dispersed in the amorphous phase and naturally affect

the viscoelastic properties of the amorphous phase. Moreover,

the amorphous chains are very soft at temperatures well above

Tg of the material. Thus, the presence of rigid CB particles can

significantly improve the stiffness and decrease the viscosity of

the material.

CONCLUSIONS

The viscoelastic response has a significant impact on the shape

memory effect in SMPs. In this study, the stress relaxation

behaviors of epoxy SMPs with varied CB contents were meas-

ured at different temperatures. The experimental results were

simulated by a rheological model with considering the micro-

structure features of epoxy SMPs. The results show that the

effects of CB reinforcement on the glass transition temperature

and stress relaxation are different. At lower CB contents, the

glass transition temperature has no detectable change, but the

viscous resistance is greatly increased. At higher CB contents,

the glass transition temperature is increased, but the viscous

Figure 6. Curves of modeling parameters versus temperatures for speci-

mens 1# to 4#.[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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resistance is lower. Moreover, the theoretical modeling confirms

that CB additives can effectively improve the stiffness and vis-

cous resistance of the amorphous phase in the rubbery state.
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