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a b s t r a c t
Materials subject to cyclic stress can succumb to fatigue, causing failure at stress levels much lower than
those in static loading cases. Herein we discussed the viscoelastic behaviors of polystyrene/multi-walled
carbon nanotube (MWCNT) composites during short-term creep and recovery under tensile cyclic loading. Both unmodiﬁed and ozone oxidized MWCNTs were applied. It was found in general that the creep
strain of thermoplastics dropped with decreasing temperature and stress, and with increasing content of
carbon nanotubes. Moreover, with the increased cycle number, the creep strain reduced remarkably. This
trend would be even more obvious at high levels of stress and temperature. Further mechanism analysis
indicated the network-like structure formed by the molecule chains and nanotubes caused the reduction
of the creep strain, the increasing of recovery ratio and the restriction on the mobility of amorphous molecule chains.
Ó 2012 Elsevier Ltd. All rights reserved.

1. Introduction
Carbon nanotubes (CNTs) composites have gained enormous
attention in research and industrial applications due to their
remarkable mechanical, thermal, and electrical properties. The
high aspect ratio of CNTs allows property enhancement at lower
concentrations as compared with conventional particles such as
carbon black or nanoclays [1–6]. To date, Polystyrene (PS) can be
found in all the ﬁelds in daily life and in the industry production
as commonly used plastic material [7–10]. What is more, CNTs
reinforced PS matrix composites have been recently studied in a
few investigations. Andrews et al. [11] produced PS/MWCNT nanocomposites via melt mixing and reported a small increase in elastic
modulus and decrease in tensile strength at low nanotube loading,
but as the concentration increased, there were progressive increases in both strength and stiffness. McClory et al. [12] investigated the inﬂuence of screw speeds on the electrical and
rheological properties of PS/MWCNT composites prepared by a
twin-screw extruder. Yuan et al. [13] prepared PS/MWCNT composites by melt-mixing on a kilogram scale using industrial
large-scale polymer manufacturing machines like twin-screw extruder and injection molding machine. The mechanical property
⇑ Corresponding authors. Address: National Center for Nanoscience and Technology, Beijing 100190, China. Tel./fax: +86 10 82545586 (Z. Zhang), tel./fax: +86
0551 3600419 (X. Gong).
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(Z. Zhang).
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of the composites was reported when incorporated with MWCNTs
in this study. Liao and Li [14] reported a study on the interfacial
characteristics of a carbon nanotube reinforced polystyrene composite system through molecular mechanics simulations and elasticity calculations. In the absence of atomic bonding between the
reinforcement and the matrix material, it was found that the nonbond interactions consisted of the electrostatic and van der Waals
interaction, the deformation induced by these forces, as well as the
stress/deformation arising from mismatch in the coefﬁcients of
thermal expansion.
In the real case during usage, polymer materials are frequently
subjected to different stresses for a period of time. The materials
are commonly placed under a load for a long duration, or the stress
is repeatedly applied in a working environment. Therefore, the
mechanical response, notably the instantaneous and time-dependent deformation is signiﬁcant for material applications which require dimensional stability. It is the crucial factor that affects the
lift time of thermoplastic in an integrated system. Creep test is
an essential method to obtain information about the material
deformation and mechanical properties like these [15–18]. Yang
et al. found that with only 1 vol.% of multi-carbon nanotubes, creep
resistance of polypropylene could be signiﬁcantly improved with
reduced creep deformation and creep rate at a long-term loading
period [19]. What is more, the creep strain and creep rate of TiO2
nanoparticles ﬁlled polypropylene could be reduced by 46% and
80%, respectively, compared to those of the neat matrix [20]. Several simulation methods have been established to analysis the
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creep data. Barai and Weng [21–24], for instance, developed several composite models to study the viscoplastic behavior of nanocrystalline materials, including a three-phase composite model to
describe the creep behavior. It can be obtained that there existed
a critical grain size corresponding to the maximum creep resistance observed, and the critical value varied with the amount of
softening pores presented within the solid. Al-Haik et al. [25–27]
used high temperature instrumented indentation testing to evaluate the mechanical properties of nanocomposite system. Models
such as neural networks model and nonlinear viscoelastic constitutive model were developed to investigate the creep behavior.
However, limited knowledge is known about the recovery
behavior of nanoparticle-ﬁlled polymers [28,29] when the applied
loading is removed, even less about such behaviors under cyclic
loading. Muenstedt et al. [30] found the recoverable shear creep
compliance became smaller with decreasing nanoclay content under constant load. In our previous work [31], it was observed that
incorporation of nanotubes remarkably improved the creep and
recovery property of polypropylene. The time–temperature-superposition principle, Weibull distribution function and Burger’s models were employed to illustrate relevant strengthening mechanism
involved in polypropylene/MWCNTs composites. However, all the
studies of creep and recovery mentioned above were conducted
under a constant stress rather than under the conﬁguration with
multi-loading/unloading cycles with tension. It is noteworthy that
materials subjected to cyclic loading can succumb to failure at
stress levels much lower than those in static cases, and the
destruction process under cyclic stress is different from it under
the static ones.
In this paper, the creep and recovery behaviors of PS/MWCNT
nanocomposites with various contents of nanotubes were investigated under different stress loads and cycle numbers. The inﬂuence
of nanotubes on the viscoelastic behaviors in different creep cycles
was also analyzed in order to explore the possible mechanisms of
observed enhancement of creep and recovery properties.
2. Experimental details
2.1. Materials and preparation of composites
A commercial PS (666D, Sinopec) was used as the base polymer.
Multi-walled carbon nanotubes (MWCNTs), as the ﬁllers, were
supplied by Bayer MaterialScience AG. According to the information provided by the supplier, the diameter of MWCNTs ranges
within 10–20 nm and the length ranges within 1–10 lm. The purity of the MWCNTs is higher than 95%. To improve the dispersion
situation of nanotubes when mixed with the matrix, surface modiﬁed multi-walled carbon nanotubes (denoted as m-MWCNTs in
this paper) were also considered as additional ﬁller. The MWCNTs
were functionalized with ozone at room temperature for 2 h as the
progress has been discussed in our recent work [32]. PS/MWCNT
and PS/m-MWCNT composites were prepared by a two-step
melt-mixing strategy to improve the dispersion of ﬁllers. In the
ﬁrst step, the masterbatch with 8.4 vol.% of MWCNTs in PS was
prepared in a twin-screw extruder (Haake PTW16, Thermo Fisher,
Germany) operating at 220 °C at 80 rpm. In the second step, the PS/
MWCNT master batch was diluted to obtain target proportion of
0.6, 1.7 and 2.8 vol.%. After cooling, the extruder blanks were cut
as granules with length in a range of 3–5 mm for further preparation of testing samples.

through the scanning electron microscope (SEM, HITAHI S-4800,
Japan). The surfaces were gold coated prior to SEM performed at
6 kV acceleration voltage. Inspection was also carried out with
transmission electron microscopy (TEM, Tecnai G220 S-TWIN, FEI,
USA) at an acceleration voltage of 200 kV. For investigations of
the bulk morphology of samples, thin sections were cut from the
PS/MWCNT composites using an ultramicrotome (LKB Nova) with
diamond knife.
In order to observe the interface between the PS matrix and
nanotubes, the Raman spectra were obtained by using a Renishaw
2000 MicroRaman spectrometer (Reinshaw, Wotton-under-Edge,
UK) with an excitation length of 633 nm. The compressive stresses
were generated within the MWCNTs by quenching the composite
specimen down to speciﬁc temperature using the cooling cell.
The temperatures used in our experiment ranged from 60 °C down
to 60 °C, with a cooling rate of 10 °C/min. Thermal equilibrium
was ensured in all the cases by maintaining the specimen under
constant temperature for 10 min.
Tensile test of the specimens was carried out with a SANS
CMT2000 tester. The granulated materials were injection molded
into standard dumbbell-shaped specimens (30  3.1  3.3 mm3,
length  width  thickness, according to the ASTM D638 standard)
by an injection molding machine (HAAKE MiniJet) for tensile tests.
The tests were carried out at a cross head speed of 2 mm/min. Measurements were performed at room temperature with an electrical
extensometer whose gauge length was 10 mm. At least ﬁve specimens of each composition were tested and the average values were
reported.
The creep and recovery tests of PS and nanocomposites were
performed by using a dynamic mechanical analyzer (TA Instruments Q800). The time-dependent deformation was measured.
The samples for creep and recovery tests were molded with a
compression machine at 200 °C and 20 MPa and the specimens’
dimensions were 13 mm  4.3 mm  0.4 mm (length  width 
thickness). The specimens were mounted carefully in a tensile conﬁguration ﬁxture and aligned to avoid any twisting or buckling of
the specimens. The applied creep stress was 3, 5 and 8 MPa for a
creep time of 600 s followed by a recovery time of 1200 s. The
creep–recovery cycle was sequentially repeated two more times.
These three-cycle creep–recovery experiment series were performed at two different temperatures of 35 °C and 90 °C.
The typical creep–recovery curve of creep tests performed in a
tensile conﬁguration was illustrated in Fig. 1 [33]. Creep strain in
the viscoelastic range can be described by the following formula:

ec ðtÞ ¼ eE þ eV þ e1

here eE is the elastic creep strain, eV is the viscoelastic portion of
the strain and e1 is the permanent creep strain. In the following

2.2. Characterization and testing
The dispersion status of MWCNTs in the PS nanocomposites
was studied by inspecting the fracture surface of the specimens

ð1Þ

Fig. 1. Schematic diagram of a creep–recovery test.
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creep–recovery experiment, the shear stress s0 is set to zero at t0,
and the unrecovered strain e(t0, t) is measured. For a given prior
stress imposed during the creep period, er is a function of the creep
duration t0 and the recovery time t after that. Thus er = er(t0, t). The
recoverable strain er at time t is deﬁned as:

er ðt0 ; tÞ ¼ eðt0 Þ  eðt0 ; tÞ

ð2Þ

In order to further analyze the inﬂuence of the stress cycles and
carbon nanotubes on the recovery performance, the recovery ratio
of a system at the time of t is deﬁned as:

X R ðtÞ ¼ ½er ðt 0 ; tÞ=eðt 0 Þ  100%

ð3Þ

3. Results and discussion
3.1. Morphology of the nanocomposites
As is known, the homogeneous dispersion of nanotubes in polymer matrices is one of the key factors for making high performance
composites. The dispersion was investigated by SEM and TEM in
this study. Fig. 2a and b are the SEM images of the fracture surfaces
of PS/MWCNT composites with the content of 0.6 vol.% and 2.8
vol.%, respectively. The fracture surface of the PS/MWCNT composite was perpendicular to the injection direction. In order to characterize the state of dispersion, a low magniﬁcation was selected.
Only small clusters of nanotubes were observed, which indicated
that the nanotubes were well distributed in the PS matrix.
TEM observation of a thin section is also a common method utilized to investigate the nanotube dispersion in polymer matrices.
The nanotube dispersion state on the plane was observed as illustrated in Fig. 2c. The nanotubes were well dispersed in PS/MWCNT
composites (1.7 vol.%). Meanwhile, nanotubes with different forms,
such as straight, curved and bundled tubes, caused by thermal and
torsion actions during melt extruding process can be found in the
image.
3.2. Mechanical properties
As the fundamental properties, the tensile properties of the
materials at room temperature have been determined ﬁrstly.
Fig. 3 shows the key mechanical properties of PS and PS/MWCNTs
nanocomposites. The Young’s modulus and tensile strength for the
neat PS were about 3.3 Gpa and 38.6 MPa. The Young’s modulus of
the nanocomposites was higher than it of the pure PS. It indicates
that the increasing elasticity of nanocomposites is obtained. The
elastic properties of PS and PS/MWCNTs composites will be further
discussed based on the following creep and recovery measurements. Fig. 3b shows the tensile strength changes with contents
of nanotubes. It can be seen that the tensile strengths of pure PS
and nanocomposites have no signiﬁcant variation.
3.3. Creep and recovery behavior of nanocomposites
3.3.1. Stress dependence
The creep and recovery behaviors of the nanocomposites with
various contents were investigated under different loads. The
resulting PS and PS/MWCNT creep proﬁles with stress ranging
from 3 to 8 MPa at the temperature of 35 °C are presented in
Fig. 4. It can be seen that the materials showed different responses
to stress levels. The traces of the creep and unrecovered strains as a
function of time for pure PS are presented in Fig. 4a. The creep
strain and unrecovered creep strain increased distinctly with the
increasing stress. During the ﬁrst cycle for the pure PS, the strain
increased from average value of 0.15–0.25% when stress increased
from 3 MPa to 5 MPa. The ratio of increasing was about 1:1, but

Fig. 2. SEM micrographs of PS/MWCNT nanocomposites with ﬁller content of (a)
0.6 vol.%, (b) 2.8 vol.% and (c) is the TEM micrograph of nanocomposite with ﬁller
content of 1.7 vol.%.

this ratio went up tremendously for the 8 MPa case. It seems to
indicate that the material may obtain high level of strain and even
get failure much faster under high stress. At the same time, it was
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Fig. 3. Tensile mechanical characteristics: (a) Young’s modulus and (b) tensile
strength of PS and PS/MWCNT nanocomposites with different MWCNT contents.
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found that higher imposed stresses resulted in lower recovery ratio
XR as listed in Table 1. For PS, after the single cycle, the recovery
ratio XR(t = 1800 s) was 88.4% with the stress of 3 MPa and it decreased to 58.4% with the stress of 8 MPa. The results show that
high stress level can bring large permanent creep strain and accelerate the ﬁnal destruction of polymer materials. It indicates the
creep and recovery properties of PS have the signiﬁcant dependence on the stress. Creep mechanism is further explored from
the perspective of molecular motion to analysis the stress inﬂuence
on creep and recovery behavior. In general, the macroscopic viscoelastic properties are closely related with the microcosmic movement of molecular chains or segments. When the polymer
materials are resisted in a single directional external force, the
molecular chains or segments will be activated and several molecular chain movements occur simultaneously. The ﬁrst category of
movements is the change of the bond lengths and angles in the
interior of the polymer chains. When the stress is removed, this
change in the molecular chain can recover immediately to the original state. The second category of movements is the extension of
molecular chains or segments, which is associated with the relaxation time of the materials. This part of the deformation can be
gradually restored over time when unloading. The third category
of movements is the relative slippage of molecular chains. After
the removal of external loading, these slippages are very difﬁcult
to return to the original position thus the deformation is permanent. Comparing the results (in Fig. 4) under different stress conditions, it can be found that for higher stress applying on the
material, there will be greater inﬂuence on the movements of
molecular chains, especially on the extension and slippage of
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Fig. 4. Creep–recovery curves of PS and PS/MWCNT nanocomposites as a function
of time at 35 °C: (a) 0 vol.%, (b) 0.6 vol.%, (c) 1.7 vol.% and (d) 2.8 vol.%.

polymer chains. Hence the high creep stress can accelerate the
occurrence of the creep deformation and damage of polymer materials. The same results can be obtained from Fig. 4b–d of PS/
MWCNT nanocomposites containing 0.6, 1.7 and 2.8 vol.% MWCNT.
Therefore, the composites have the similar dependence on stress as
neat PS. It should also be pointed out that XR with the increasing
content of MWCNTs in the ﬁrst creep cycle has a rising tendency
which changes from 58.4% to 84.8% at 8 MPa. The phenomenon
and mechanism of the improvement in creep and recovery performance caused by MWCNTs ﬁllers will be discussed in Section 3.3.3.
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Volume fraction (%)

Cycle

Creep strain (%)
3 MPa

0

0.6

1.7

2.8

1
2
3
1
2
3
1
2
3
1
2
3

0.147
0.136
0.135
0.134
0.128
0.127
0.130
0.123
0.122
0.129
0.121
0.119

5 MPa
0.254
0.231
0.230
0.236
0.228
0.227
0.221
0.205
0.204
0.214
0.204
0.203

8 MPa
0.659
0.411
0.411
0.532
0.396
0.401
0.465
0.381
0.381
0.387
0.339
0.336

Unrecovered strain (%)
0

0.6

1.7

2.8

1
2
3
1
2
3
1
2
3
1
2
3

3 MPa
0.017
0.003
0.002
0.007
0.002
0.001
0.010
0.002
0.001
0.015
0.003
0.001

5 MPa
0.033
0.005
0.003
0.010
0.002
0.001
0.020
0.002
0.001
0.013
0.002
0.001

8 MPa
0.274
0.015
0.011
0.153
0.008
0.004
0.099
0.009
0.008
0.059
0.007
0.003

Recovery ratio (%)
0

0.6

1.7

2.8

1
2
3
1
2
3
1
2
3
1
2
3

3 MPa
88.4
97.8
98.5
94.8
98.4
99.2
92.3
98.4
99.2
88.4
97.5
99.2

5 MPa
87.0
97.8
98.7
95.8
99.1
99.6
91.0
99.0
99.5
93.9
99.0
99.5

8 MPa
58.4
96.4
97.3
71.2
98.0
99.0
78.7
97.6
98.0
84.8
97.9
99.1

3.3.2. Inﬂuence of creep cycles
Creep cycles, as an important factor for the creep and recovery
properties, are analyzed in this section. As shown in Fig. 4a, the
curves of the creep part show similar shape in all three cycles under the stresses of 3 MPa and 5 MPa for pure PS. However, when
the stress rose to 8 MPa, the creep strain can be observed to have
a signiﬁcantly decrease with sequential cycles, which reveals that
the inﬂuence of the numbers of cycles to creep resistance is related
to the stress level. When the stress increases, it is considered that a
strong stretch should be conducted on materials and a stable structure formed by the molecular chains appears. Applied to a certain
external load, the molecular chains through stretching, sliding and
overlapping can form the stabilized polymer structure, which is
more orderly and elastic than the one before loading. While this
structure is subjected to external stress again, it can resist the fractional creep deformation of the polymer material, especially the
irreversible part of deformation. Therefore, the unrecovered strain
accumulated over three consecutive cycles, with most of the permanent deformation occurring in the ﬁrst cycle.
The inﬂuence of creep cycles was also investigated under a
higher temperature condition of 90 °C. Fig. 5 presents the resulting
creep and recovery proﬁle over three cycles with creep stress of
5 MPa. It can be seen that Fig. 5 shows obvious difference with
Fig. 4. The creep strains under higher temperature were very large,

and the materials tended to fatigue. This phenomenon is related to
the relaxation of polymer molecular chains under the high temperature. The materials at 90 °C are in the different mechanical state
as the ones at 35 °C. Under the higher temperature conditions,
the materials were more easily to deform as they were in the
glass–rubber region with the high mobility and large relaxation
of polymer chains. However, the polymer materials were in the
glass region at 35 °C. The mobility of the molecular chains was restricted at the low temperature condition, so the creep strain is
small. Moreover, one can recognize from Fig. 5 that with the increase of cycle numbers, the creep strain and unrecovered strain
showed an obvious decreasing trend. As listed in Table 2, the creep
strain of PS dropped from 3.42% to 2.08% and the unrecovered
strain dropped from 2.69% to 1.32%. At the same time, the recovery
ratio increased along with sequential cycles as shown. For example, after three cycles, the recovery ratio of pure PS was 36.5%, an
increasing of almost 71% of the original value after the ﬁrst creep
cycle. By comparison, it can be seen that with the increasing creep
cycle numbers, the change of creep and recovery responses stronger at higher temperature condition. This phenomenon is related to
the enhanced mobility of molecular chains. Due to the high temperature, the stretching, sliding and overlapping of chains or chain
segments are intensiﬁed under single directional tensile force, so it
can result in the reducing of creep strain, the rising of recovery
ratio and a more stable structure of molecular chains with the applied cyclic stress of repeated loading and unloading. Nevertheless,
under the lower temperature condition, the immobility of molecular chains prevents the internal molecular structure stabilized after
the ﬁrst creep cycle as shown in Fig. 4, in which the creep–recovery
curves seem to have similar shape in the last two creep cycles at
35 °C. Thus, the inﬂuence of creep cycles is more obviously at the
high temperature condition than at the low one.
3.3.3. The reinforcement role of MWCNTs in nanocomposites
The results shown in Fig. 4 indicated that creep strains of nanocomposites were lower than those of the neat matrix under all test
stresses. This implies that the creep behavior is improved by the
presence of nanotubes. One can recognize that the creep strain decreased remarkably with the incorporation of MWCNT under the
higher stress. Under the stress of 8 MPa, for instance, the strain values of PS/MWCNT containing 0.6 vol.%, 1.7 vol.% and 2.8 vol.% were
reduced by 19%, 29% and 41% compared to that of PS for the ﬁrst cycle. With regard to the recovery properties of three creep cycles, the
added nanotubes can certainly reduce the irreversible creep strain
e1 and increase the recovery ratio XR as shown in Table 1. The ability of nanotubes to restrain the deformation has association with
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Table 1
Creep strain, unrecovered strain and recovery ratio for PS and PS/MWCNT composites
at 35 °C under different loads.
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Fig. 5. Creep–recovery curves of PS, PS/MWCNT (solid lines) and PS/m-MWCNT
(dashed lines) nanocomposites as a function of time at 90 °C.
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Table 2
Creep strain, unrecovered strain and recovery ratio for PS and PS/MWCNT composites at 90 °C.
Volume fraction (%)

Cycle

Creep strain (%)

Unrecovered strain (%)

Recovery ratio (%)

0

1
2
3
1
2
3
1
2
3
1
2
3

3.42
2.39
2.08
2.65
1.86
1.60
2.22
1.44
1.23
2.03
1.37
1.17

2.69
1.65
1.32
1.96
1.16
0.90
1.54
0.77
0.58
1.36
0.72
0.53

21.3
31.0
36.5
26.0
27.6
43.7
30.6
46.5
52.8
33.0
47.4
54.7

0.6

1.7

2.8

the network-like structure formed by the molecule chains and
nanotubes.
As mentioned, adding nanotubes into PS can certainly affect the
creep and recovery behaviors, particularly in the high temperature
condition as shown in Fig. 5. Around the glass transition region,
molecular motion and rearrangement mechanisms can occur drastically while the material is under tension. In the temperature region of 90 °C, adding nanotubes to polymer matrix can restrain
the mobility of the molecular chains by a wide margin. As shown
in Table 2, the creep and uncovered strains of the composite with
content of 2.8 vol.% MWCNT decrease by 41% and 49%, respectively
during the ﬁrst cycle compared to that of the pure PS. In general
the creep and recovery properties are enhanced with increasing
content of carbon nanotubes. The creep strain of the composite
with the carbon nanotube content of 2.8 vol.% MWCNT is 2.03%,
1.37%, and 1.17% in three creep cycles, which is lower than the
creep strain (2.65%, 1.86% and 1.60%) of the composite of 0.6
vol.% MWCNT. Meanwhile, with the increasing content of carbon
nanotubes, the unrecovered creep strain is decreased and the
recovery ratio is increased. Moreover, enhancement effect of carbon nanotubes in polymer composites increases with the creep
sequential cycles. After all three cycles, the recovery ratio
XR(t = 3600 s) of composites containing 0.6, 1.7 and 2.8 vol.%
MWCNT was 43.7%, 52.8% and 54.7%, compared to 36.5% of pure PS.
In Fig. 6, a schematic deformation model of PS/MWCNT composite under uniaxial stress is demonstrated to illustrate the creep
and recovery mechanism affected by the existence of nanotubes.
As represented in Fig. 6a, MWCNTs are uniformly dispersed in PS

Fig. 6. Schematic deformation model of PS/MWCNT composite under uniaxial
stress: (a) before loading, (b) loading, (c) unloading.

without direction before applied to the stress. Under the tensile
stress Fig. 6b, the molecule chains and nanotubes become increasingly strained from the original state and aligned with the direction of the stress. What is more, the network-like structure
formed by the molecule chains and nanotubes appears due to the
applied loading. When tensile stress is removed, as depicted in
Fig. 6c, the recovery of PS/MWCNT composite begins, and the
relaxation of the network-like structure built by carbon nanotubes
and molecule chains starts as well. However, the integrity of the
network-like structure is much better than it shown in Fig. 6a before the stress is applied. Compared to the disordered structure before stretching, this network-like structure has the property of
elasticity and the strength enhancing effect. With sequential cycles, the composites become more strained from the original state
and aligned with the direction of the stress. Therefore, the creep
strain occurred in consecutive cycles was reduced. MWCNTs and
entangled chain segments form a more orderly network after the
ﬁrst creep cycle, thus the network-like structure can effectively
prevent the slippage of molecules. At the same time, the unrecovered strain accumulates over the three consecutive cycles, with
most of its portion contributed by the unrecovered deformation
occurred in the ﬁrst creep cycle when no network-like structure
forms. The unrecovered creep, or permanent set, is due to the
molecular slippage in the amorphous region. This considerable
permanent strain is particularly signiﬁcant in the engineering
application as an undesirable material property in most cases.
With the highest temperature and stress imposed, it is notably observed that the network-like structure could be more regular after
consecutive cycles.
In Fig. 5, the creep and recovery properties of PS/m-MWCNT
composites were investigated in the same way as PS/MWCNT composites. The results indicate that adding both MWCNTs and mMWCNTs to the PS matrix can increase the creep resistance and
creep–recovery property. Based on the observation, however, it becomes clear that the properties of PS/MWCNT composites are better than PS/m-MWCNT ones. Strong interface is the important
factor for MWCNTs reinforced composite, because the external
stresses applied to the composite as a whole can be efﬁciently
transferred to the MWCNTs, allowing them to take a disproportionate share of the load. Raman spectroscopy has been widely
used to evaluate the interaction between polymers and MWCNTs
in composites due to its sensitivity to the interatomic distance.
Generally, the interaction between nanotubes and matrix can be
reﬂected by the Raman shifts of the characteristic peaks. By cooling
the specimens from 60 °C to 60 °C, the upward shifts of Raman
band peak position for PS/MWCNT and PS/m-MWCNT composites
were observed in Fig. 7a. As shown in Fig. 7b, the cooling of the
embedded materials from 60 °C down to 60 °C caused 12 and
7 cm1 shift for MWCNTs and m-MWCNTs, respectively. Comparing with m-MWCNT ﬁlled composite, the MWCNTs embedded in
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Fig. 7. Typical G0 -band Raman spectra: (a) comparison of the Raman spectra for PS/
MWCNT and PS/m-MWCNT composites and (b) the Raman shift of G0 -band as a
function of temperature.

PS matrix shows larger G0 -band shift over the temperature range
we studied, indicating more efﬁcient load transfer between the
MWCNTs and the PS matrix. Therefore, compared to the nanotubes
with surface functionalization, MWCNTs without ozone oxidation
shows much better load transfer effect in PS matrix. The weak
interface condition for m-MWCNTs may due to the different polarity between it and polymer chains. After ozone oxidation, the surface of nanotubes picks up some oxygenic polar groups such as
carbonyl [32]. PS, however, is a kind of non-polar hydrophobic
polymer, and the polar m-MWCNTs are incompatible with the
non-polar polymer chain. Thus the interface performance of mMWCNTs/PS system is not very good. Similar results were obtained
by Barai and Weng [34]. It was shown that MWCNTs were indeed
very effective strengthening agents, but imperfect interface condition between MWCNTs and matrix can severely reduce the effective stiffness and elastoplastic strength of the nanocomposite.
4. Conclusions
In summary, this paper studied the creep and recovery behavior
of PS/MWCNT nanocomposites under cyclic tensile stress. The
creep strain increased with the increase of temperature and stress
and decreased with the increase of the content of carbon nanotubes, which indicates an enhanced creep performance at short
time scales. The results also indicated that the incorporation of
nanotubes decreased the creep strain and unrecovered strain
remarkably at higher temperature and stress conditions. Furthermore, the creep and recovery behaviors in different creep cycles
were analyzed and the mechanism of observed enhancement
was explored. It is believed that the network-like structure formed
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