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a b s t r a c t

Reversible plasticity shape memory (RPSM) property of multi-walled-carbon-nanotube (MWCNT) rein-
forced epoxy nanocomposites is investigated as an alternative to conventional shape memory pro-
gramming and for possible applications in self-healing systems. A commercially available structural
grade epoxy resin is tailored to realize RPSM effect and the material properties are further enhanced with
the addition of MWCNT in the polymer matrix. The samples are characterized for their mechanical,
thermal, morphological and crystallographic properties. This paper systematically investigates the effect
of MWCNT addition on the properties of the epoxy matrix. To study the RPSM effect, the nanocomposites
are programmed by cold drawing and stress relaxation below the glass transition temperature (Tg) and
recovered by reheating above Tg. A comprehensive study on the effect of programming conditions like
strain rate, strain level and stress relaxation time on the RPSM property is presented. Results reveal that
all samples show excellent shape recovery property under various programming conditions. The addition
of MWCNT resulted in a significant increase in modulus and strength, decrease in failure strain, increase
in Tg and an improvement in RPSM properties like shape fixity, response temperature and recovery
speed. As a result, this study shows that by controlling the parameters like glass transition temperature,
filler content and the programming conditions, the material can be effectively designed for application in
smart structures with shape memory and/or self healing capabilities.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Shape Memory Polymers (SMPs) are smart materials which can
be programmed to hold a temporary shape under certain envi-
ronmental conditions and revert back to its original shape on
application of suitable external stimulus [1]. SMPs have been
designed to respond to various stimuli like temperature change,
light, electricity, solvent, change in pH, etc [2,3]. Conventionally a
thermo-mechanical cycle of a thermally activated SMP involves a
programming step and a recovery step. In the programming step,
the SMP is deformed at a temperature above the glass transition
(Tg) and subsequently cooled below Tg while holding the defor-
mation to fix a temporary shape. The recovery step involves
reheating the SMP above Tg to recover the original shape. Contrary
to the conventional method, in order to realize Reversible plasticity
shape memory (RPSM) effect, a modified programming step is
employed wherein the temporary shape can be fixed by plastically
).
deforming the material at a temperature lower than Tg. This
modified approach offers several advantages over the conventional
approach like simplified programming step, improved recovery
stress, faster recovery rate and higher recovery ratios [4,5]. It is to
be noted that RPSM effect can be realized only when the material is
deformed within a limit where no permanent defects like cracks
occur and above the elastic limit (yield point) where there is plastic
deformation. Another major drawback is low shape fixity due to the
instantaneous recovery of elastic deformation. The effect of defor-
mation temperature (Td) on the mechanical and shape memory
properties have been studied by several researchers. Gall and co-
workers [6,7] showed that the failure strain is maximumwhen Td is
at the onset of the glass transition rather than above Tg. They also
showed an improved recovery stress and recovery time when Td is
less than Tg. Feldkamp and Rousseau [8] studied the effect of Td on
epoxy based SMP and showed that the failure strain increased by
five times at the onset of Tg. Lakhera et al. [9] studied an acrylate
based SMP and observed a peak near the vicinity of Tg during
constrained stress recovery for samples programmed at a temper-
ature below Tg which was not observed for samples programmed at
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temperatures above Tg. Thereby showing that the recovery stress in
cold programmed SMP is higher than that of SMP programmed at
temperatures above Tg. Hence from the above studies it can be
concluded that the glass transition region must be ideally in the
vicinity of room temperature in order to realize RPSM at large
plastic strains. The effect of stress relaxation on the shape fixity by
programming under cold-compression was studied by Li and Xu
[10]. They used a polystyrene based SMP to show that the shape
fixity increased (>90%) with the increase in relaxation time. The
term “RPSM” first appeared in the work of Rodriguez et al. [11]
where they used a combination of a cross-linked network poly-
mer with a linear polymer network to achieve shape memory
assisted self-healing. The importance and distinction of RPSM effect
were further emphasized in a review by Xie [4].

The ability to recover large plastic deformations by materials
with RPSM properties has been applied in designing thermally
activated self healing systems. Wornya et al. [12] performed
nanoindentation tests on an acrylate based SMP and showed that
the samples were able to completely heal the surface deformation
when heated above Tg. Xiao et al. [13] developed graphene rein-
forced epoxy nanocomposites and studied the ability to heal sur-
face scratches and observed that even with a very low volume
percentage (0.0025%) of graphene the self-healing ability increased
significantly. Li et al. [14] reinforced SMP fibers stretched at a
temperature below Tg in a thermosetting polymer matrix and
showed that the system was able to close wide cracks via localized
heating. They also showed that increase in pre-strain increased the
recovery stress which in turn improved the crack closing efficiency.
A two-step bio-mimetic method was proposed by Li and coworkers
[15,16] to seal and then heal the polymeric systems. The RPSM
property assists in bringing the cracked surfaces together while the
reinforced thermoplastic particles ensure healing at a molecular
level. Previous studies show that, RPSM materials can effectively
recover/heal large plastic deformations and surface defects and also
assist in healing wide cracks by enabling crack-closure through a
thermal trigger. It should be noted that the RPSM materials cannot
heal wide cracks independently and require a secondary system to
re-bond the cracked surfaces [14,15].

SMPs have exceptional properties likes high recoverable strain,
low cost, easy processing, etc. but, their lowmechanical properties,
low recovery stress, and inherent insulating properties limit their
applications [17]. In order to improve these properties, various
strategies have been adopted including reinforcing the polymer
matrix with fillers ranging from macro to nano scale. Several
studies [18e21] have shown that addition of various nano fillers
can efficiently improve the properties of bulk polymer while
maintaining the characteristic behavior of the matrix. Among them
carbon nanotubes with their exceptional mechanical, thermal and
electrical properties [22] have been found successful in improving
the matrix properties while improving the shape memory property
of the matrix [23e27]. Koerner et al. [28] used morthane, a
polyurethane-based thermoplastic elastomer filled with CNT and
studied the shape memory properties. When compared to neat
elastomer, CNT filled elastomer showed a significant increase in
mechanical properties and shape memory properties like recovery
stress and shape fixity. They also showed that the CNT filled elas-
tomer can be actuated electrically and by an infrared light source,
whereas the pure polymer could be actuated only by heat. The
addition of carbon nanotubes in the SMP matrix simultaneously
improved mechanical, shape memory and conducting properties,
thereby overcoming the drawbacks of SMPs. The improvement in
conducting properties with the addition of MWCNT provides
alternate actuating mechanism via electricity which offers several
advantages over actuating through external heat [29e31].

In this paper a commercially available structural grade epoxy
resin was tailored to realize RPSM effect. MWCNT was added to the
epoxy matrix with an objective to improve the mechanical and
shape memory properties. The prepared nanocomposites were
characterized for their mechanical, thermal, morphological, crys-
tallographic and RPSM properties. A comprehensive study was
systematically conducted on the effect of filler content and pro-
gramming conditions like deformation level, stress relaxation time
and strain rate on the RPSM properties and the results are
discussed.

2. Experimental methods

2.1. Material selection and sample preparation

The epoxy resin used in this study was a Diglycidyl ether of
bisphenol A (DGEBA-Araldite LY556) obtained from Huntsman,
India. Neopentyl glycol diglycidyl ether (NGDE) and Poly(propylene
glycol) bis(2-aminopropyl) ether (Jeffamine230) were obtained
from TCI, India and Sigma-Aldrich, India respectively. High purity
Multi-Walled-Carbon-Nanotubes were obtained from Reinste Nano
Ventures Pvt. Ltd., India. All materials were used in as-received
condition.

As mentioned earlier, to realize RPSM effect at large plastic
strains the onset of glass transition region must ideally be in the
vicinity of room temperature. The transition region of the epoxy
based SMP was tuned by following the procedure proposed by Xie
et al. [32]. They showed that by stoichiometrically introducing
varying amount of flexible aliphatic epoxy chains (NGDE) in an
amine (Jeffamine230) cured aromatic epoxy system (DGEBA) the
glass transition temperature can be tuned precisely as per re-
quirements. Steps followed in sample preparation are as follows:
weighed amounts of DGEBA, NGDE and MWCNT were mixed using
a mechanical stirrer at 1500 rpm for 4 h. After mixing, weighed
amount of hardener (Jeffamine 230) was added to the mixture and
stirred with the same setting for another 15 min. The weight ratio
of DGEBA to NGDE to Jeffamine230 was stoichiometrically varied
until the glass transition region (determined by DSC) was ideally in
the vicinity immediately above the room temperature. The final
weight ratio of DGEBA to NGDE to Jeffamine230 with the desired
requirements was determined to be 3:2:2. It should be noted that,
as per suppliers data, DGEBA (Araldite LY556) has a large viscosity
of 11000 mPa s. Whereas, NGDE and Jeffamine230 have very low
viscosities of about 20 and 5.5 mPa s respectively at 25

�
C. The

viscosity of the resultant mixture without any filler was 150 mPa s
(measured using a Brookfield Rotational Viscometer). This low
viscosity assists in easy dispersion of MWCNT and also in obtaining
void-free samples. The mixturewas poured into a dog-bone shaped
(ASTM D630 Type IV) silicone mold and cured at room temperature
for 18 h, de-molded and post cured at 80

�
C for 2 h. Sample

designation and composition is given in Table 1. To characterize the
prepared materials, at least three samples were tested for each
experiment.

2.2. Material characterization

2.2.1. Mechanical characterization
The tensile properties of the prepared nanocomposites were

obtained using a UTM fitted with a thermal chamber of M/s Kalpak
Instruments and Controls, India. To get a comprehensive under-
standing of the thermo-mechanical behavior, the effect of strain
rate and temperature on the mechanical behavior was studied. The
samples were tested at strain-rates of 0.00033, 0.0013 and 0.0033/s
at room temperature. The samples were also tested at 27

�
C, 55

�
C

and 80
�
C at a constant strain rate of 0.0013/s to get the mechanical

properties at elevated temperatures.



Table 1
Composition of different samples (phr is parts per hundred DGEBA-NGDE-Jeffamine230).

Sample Name DGEBA (g) NGDE (g) Jeffamine 230 (g) MWCNT (phr) MWCNT Weight (%)

E-0-CNT 42.86 28.57 28.57 0 0
E-0.5-CNT 42.86 28.57 28.57 0.5 0.49
E-1-CNT 42.86 28.57 28.57 1 0.99
E-1.5-CNT 42.86 28.57 28.57 1.5 1.47
E-2-CNT 42.86 28.57 28.57 2 1.96

Fig. 1. Stress-Strain-Temperature history of a typical RPSM cycle.

Fig. 2. Effect of MWCNT reinforcement on tensile properties. Inset: Enlarged image of
the stress-strain curves showing the initial linear elastic region.
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2.2.2. Thermal characterization
The thermal properties were studied by using Differential

Scanning Calorimeter (DSC) of M/s Netzsch DSC200 F3 Maia and a
Push-Rod Dilatometer of M/s VB Ceramic Consultants, India. The
DSC heating curves of all the samples were obtained for a tem-
perature range from�30

�
C to 100

�
C in a nitrogen atmosphere. The

heating rate was fixed at 10
�
C/min. Dilatometry tests were used to

evaluate the linear thermal expansion properties.

2.2.3. Morphological characterization
Field Emission Scanning ElectronMicroscope (FESEM) of M/s FEI

Quanta 3D FEG was used to study the morphology of the acquired
MWCNTs. The fractured surfaces of the tensile specimens were also
studied to evaluate the dispersion ofMWCNT in the polymermatrix
and the effect of MWCNT addition on tensile fracture.

2.2.4. Crystallographic characterization
The crystallographic nature of MWCNT and the prepared sam-

ples were evaluated by using a Bruker Discover D8 X-Ray Diffrac-
tometer (XRD). The 2q range was chosen from 10

�
to 50

�
.

2.3. RPSM characterization

The following steps were followed to characterize the RPSM
properties of a sample with 4 phr of MWCNT and a gage length of
Lo: i) the sample was deformed at room temperature Td to a specific
strain εd at a constant strain rate _ε, ii) the deformation was held at
εd for a period of Dt to allow stress relaxation in the sample, iii) the
sample was instantaneously unloaded and the fixed strain, εf was
measured and finally, iv) the sample was heated to a temperature,
Tr which was above the glass transition temperature at a heating
rate of _T ¼ 3

�
C/min under stress free conditions to study the strain

recovery of the sample. An example of stress-strain-temperature
history in an RPSM cycle is shown in Fig. 1. The effect of 4, εd, _ε
and Dt on the RPSM properties were studied. The shape fixity (Rf)
and the shape recovery (Rr) were evaluated using the equations

Rf ¼ εf

εd
� 100% and Rr ¼ ðεf�εrÞ

εf
� 100% respectively. εr is the residual

strain after free recovery at Tr.
3. Results and discussions

3.1. Mechanical properties

Fig. 2 shows the effect of MWCNT addition on the tensile
properties of epoxy nanocomposites under constant strain rate of



R. Abishera et al. / Composites Science and Technology 137 (2016) 148e158 151
0.0013/s at room temperature (27
�
C). The stress-strain curve of all

the samples show the following regions: i) an initial linear portion
indicating an elastic response, ii) the linear portion reaches a
maximum point designating the yield point after which strain
softening is observed which indicates neck formation. iii) Finally,
there is a (nearly) constant stress region resulting from the prop-
agation of the neck throughout the gage length culminating in
failure.

It can be observed that addition of even a small amount of
MWCNT (0.5 phr) results in a considerable increase in tensile
modulus and yield strength indicating an effective reinforcement.
The improvement in tensile properties is attributed to effective
inter-facial load transfer between the filler and the matrix. From
Table 2 it can be observed that further increase in MWCNT content
leads to an increase in modulus and yield strength. After the yield
point strain softening occurs due to a drop in inter-chain contri-
butions to the stress [33e35]. It is observed that the strain softening
is steeper in the nanocomposites when compared to pure epoxy (E-
0-CNT). This trend increases with increase in MWCNT content
suggesting that due to the collapse in inter-chain interactions there
is a reduction in effective load transfer between the matrix and
MWCNTs leading to steeper strain softening region in the stress-
strain curve. A significant reduction in the failure strain is
observed even with a small addition of MWCNT indicating a
reduction in ductility with an increase in filler content. This can be
attributed to the mismatch between matrix and filler properties
especially in regions with agglomerations, which serve as stress
concentration regions leading to failure. Further increase in
MWCNT (i.e. >2 phr) drastically reduces the failure strain due to the
increased filler agglomerations. From Fig. 2 and Table 2, it can be
seen that nanocomposites with small filler content (upto 2 phr)
exhibit qualitatively similar stress-strain curves with linearly-
varying mechanical properties. For this reason and also for the
sake of brevity here-on-forth the discussions are focused on neat
epoxy and a representative nanocomposite (E-1-CNT).

Fig. 3 and Table 3 show the effect of strain rate at room tem-
perature on neat epoxy and E-1-CNT. Strain rate had a qualitatively
similar effect on all samples i.e. increase in strain rate increases the
modulus and yield strength with a decrease in failure strain. Other
important effect is steeper stress softening regime with the in-
crease in strain-rate. The effect of strain rate on failure strain is
more pronounced in nanocomposites when compared to that of
pure epoxy [36]. Hence applying a high strain rate on nano-
composites with high filler content leads to failure at low strains.
Though this might be considered as a drawback for high strain rate
applications, it should be noted that for such applications Tg of the
epoxy can be tailored further closer to room temperature thereby
increasing the strain to failure at high strain rates.

Fig. 4 shows the effect of temperature at constant strain rate
(0.0013/s) on pure epoxy and E-1-CNT. To avoid any relaxation ef-
fect the samples along with the grips were heated and held at the
desired temperature for 30 min before beginning the test. The
thermocouple was placed close to the samples, not on the sample
so that the temperature must be considered as the temperature of
air in the chamber. From Table 4 it can be seen that an increase in
temperature causes a decrease in Young's modulus and yield
strength with the samples showing a rubbery behavior at
Table 2
Tensile performance of different samples.

Property E-0-CNT E-0.5-CNT

Modulus (MPa) 450:23þ13:7
�21:5 536:11þ10:0

�17:3
Yield Strength (MPa) 16:77þ0:8

�1:8 22:11þ1:3
�1:7

Failure-Strain (mm/mm) 1:01þ0:03
�0:03 0:71þ0:09

�0:08
temperatures well above Tg. Even at 55
�
C the samples do not show

a significant yield point for the tested strain rate. The reinforcement
effect of MWCNTs can also be observed at temperatures above Tg.
Figs. 3 and 4 show the well established fact that increase in strain
rate and decrease in temperature have qualitatively similar effect
on neat and filled epoxy.

3.2. Thermal properties

The shape memory transition temperature (Tg) is a critical
parameter of a SMP [32]. The Tg is the temperature at which the
thermally activated SMP gets activated i.e reverts back to original
shape, which is an important parameter in designing smart struc-
tures. Hence, it is significant to understand any variation in Tg with
MWCNT content. Fig. 5 gives the DSC thermo-graphs of various
samples. All samples were tested at a constant heating rate of 10

�
C/

min in a nitrogen atmosphere from �30
�
C to 100

�
C. The glass

transition temperatures were evaluated from the DSC curves with
the aid of Netzsch-Proteus software version 6.1.0. The glass tran-
sition temperature of pure epoxy was found to be 42.1

�
C. It should

be noted that the high failure strain of the studied samples at room
temperature is a result of the glass transition region being closer to
room temperature. Table 5 shows the effect of MWCNT reinforce-
ment on the glass transition region. It can be observed that, with
the addition of MWCNT there is a gradual increase in the glass
transition temperature. The effect of MWCNTon the glass transition
temperature of the epoxy nanocomposite is still under extensive
research with researchers reporting an increase, decrease or no
change in Tg [37]. The studies have also shown that use of un-
modified MWCNT directly in to the epoxy matrix resulted in an
increase or no change in Tg. The glass transition region is charac-
terized by an increase in mobility of the polymer chains. Intro-
ducing MWCNTs into the epoxy matrix might have reduced the
mobility in the polymer chains resulting in an increase of Tg.

Table 5 gives the linear coefficient of thermal expansion (LCTE)
of the studied samples above and below Tg obtained from dila-
tometry. The tests were conducted at two temperature ranges
separately i.e. from 27

�
C to Tg and from Tg to 70

�
C and the slope of

strain-temperature diagrams of the respective tests gave the LCTE
below and above Tg. As shown in Table 5, all samples show a several
fold increase in the LCTE at temperatures above Tg as compared to
the LCTE at temperatures below Tg, a characteristic of amorphous
polymers. At low filler content, MWCNT had little or no effect on
LCTE both above and below the Tg. A considerable effect is observed
in the sample reinforced with 2 phr MWCNT (E-2-CNT) where the
LCTE decreases for both above and below Tg. This decrease may be
attributed to low LCTE of the carbon nanotubes as reported in
several studies [38,39].

3.3. Morphological properties

FESEM micro-graphs of pristine MWCNTs and fractured surface
of unreinforced epoxy are shown in Fig. 6. The MWCNTs are found
to be highly pure (>95% according to the supplier) with no visible
impurities. The outer diameter is 20e40 nmwith an average length
of 7.5 mm yielding an average aspect ratio of 250. To evaluate the
dispersion state and the degree of agglomerations the fractured
E-1-CNT E-1.5-CNT E-2-CNT

616:21þ34:0
�36:3 751:92þ32:7

�5:3 867:80þ38:7
�41:8

25:77þ1:8
�1:1 28:76þ1:1

�1:7 32:06þ1:4
�1:6

0:65þ0:10
�0:02 0:61þ0:02

�0:02 0:55þ0:05
�0:03



Fig. 3. Effect of Strain-Rate on the tensile properties.

Table 3
Tensile performance under different strain rates at room temperature.

Property Modulus (MPa) Yield Strength (MPa)

Strain Rate (/s) 0.00033 0.0013 0.0033 0.00033 0.0013 0.0033

E-0-CNT 207:8þ35
�46 450:2þ13

�21 521:5þ14
�25 9:8þ1:3

�1:2 16:7þ0:8
�1:8 20:5þ1:5

�0:3
E-1-CNT 522:7þ27

12 616:2þ34
�36 714:8þ30

�42 18:6þ1:4
�1:3 25:7þ1:8

�1:1 29:8þ1:5
�1:0
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surface of the samples were analyzed. The studied samples were
fractured in room temperature at a strain rate of 0.0013/s. The
fractography of neat epoxy shows a relatively smooth fracture
surface indicating a ductile failure mode. Fig. 7 shows the fracture
surface of the nanocomposites at two different magnifications. At
lowmagnifications a considerable difference in fracture surface can
be observed. The depth in the river-bed pattern increases with the
Fig. 4. Effect of Temperature

Table 4
Tensile performance under different temperatures at fixed strain rate.

Property Modulus (MPa)

Temperature 27 �C 55 �C 8

E-0-CNT 450:2þ13
�21 206:9þ23

�34 6
E-1-CNT 616:2þ34

�36 331:27þ24
�40 1
increase in MWCNT content indicating a decrease in ductility of the
nanocomposites. Even at low filler content, agglomerations can be
observed as bright white spots in the low magnification micro-
graphs. The size and concentration of agglomerations increase
with the increase in MWCNT content with a corresponding
decrease in failure strain and ductility [40]. Though the agglomer-
ations are unavoidable due to the prolonged curing time at room
on the tensile properties.

Yield Strength (MPa)

0 �C 27 �C 55 �C 80 �C

:5þ1:4
�0:5 16:7þ0:8

�1:8 5:29þ1:7
�0:9

e

2:8þ1:3
�0:8 25:7þ1:8

�1:1 7:39þ1:3
�0:7

e



Fig. 5. DSC heating curves of the studied samples.
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temperature, the average size of the agglomerates is found to be
less than 1 mm and are uniformly distributed. The inset images
show enlarged micro-graph of an agglomerate in respective
nanocomposites.

The high magnification micro-graphs in Fig. 7 show individually
pulled out MWCNTs protruding from the fracture surface. Wong
et al. [41] studied the physical interactions of nanotube and poly-
mer interface for epoxy and polystyrene matrices. They showed
that these polymers adhered well to CNT surface at a nanometer
scale due to electrostatic and Van-der-Waals forces resulting in a
higher inter-facial shear strength which was about an order of
magnitude higher than the composite. As seen in Fig. 7 all nano-
tubes including agglomerated MWCNTs are completely covered by
epoxy indicating a good adhesion between MWCNT and the matrix
Table 5
Linear Coefficient of Thermal Expansion (LCTE) and glass transition temperature (Tg) of

Sample LCTE below Tg (10�5/
�
C)

E-0-CNT 6:04þ0:7
�0:1

E-0.5-CNT 5:84þ0:5
�0:4

E-1-CNT 5:97þ0:3
�0:7

E-1.5-CNT 5:72þ0:9
�0:3

E-2-CNT 5:56þ0:2
�0:7

Fig. 6. FESEM micrographs of a)pristine MWCNT and b)fracture-surface of p
resulting in better mechanical properties. The average effective fi-
ber diameter of epoxy coated MWCNT is found to be 85 nm.

3.4. Crystallographic properties

Fig. 8 shows the XRD patterns of MWCNT, epoxy and the
nanocomposites. According to Bragg's law the location of the peak
is important than the intensity of the peak, hence a constant in-
tensity value was added to individual patterns in order to differ-
entiate the XRD curves of various samples. It is seen that the pattern
of MWCNT exhibits the characteristic sharp peak around 2q ¼ 26

�

and a short peak around 2q ¼ 43
�
relating to the interlayer spacing

of nanotubes d002 and d100 reflections of C atoms [42]. For pure
epoxy a broad peak can be observed around 2q ¼ 19

�
indicating the

amorphous structure of epoxy. The XRD patterns of the studied
nanocomposites show predominantly an amorphous structure. The
characteristic diffraction peaks of MWCNT can be observed in the
form of a slight shoulder in the pattern of E-2-CNT.

3.5. RPSM properties

The reversible plasticity shape memory effect of the nano-
composites was characterized within a strain limit of 30%. Though
neat epoxy and nanocomposites with low filler content can exhibit
RPSM characteristics at much higher strain levels, 30% strain was
chosen in order to uniformly compare all samples and to avoid
inflicting any permanent damages to nanocomposites with higher
MWCNT content. Fig. 9 shows the effect of MWCNT reinforcement
on the RPSM properties of epoxy nanocomposites under a constant
strain-rate (0.0013/s), stress relaxation time (1800 s) and defor-
mation strain (30%). It is observed that under the given conditions
all samples show excellent shape memory properties. Though the
samples have deformed to very high strains, the strain recovery of
all samples are 100% when heated above Tg. In the thermo-
mechanical tests conducted by Li and Xu [10] it was reported
different samples.

LCTE above Tg (10�5/
�
C) Tg(

�
C) (from DSC curves)

18:92þ1:6
�0:4 42:1þ1:0

�1:2

18:16þ0:8
�1:2 43:6þ1:4

�2:0

18:67þ1:4
�1:0 44:1þ1:5

�2:0

18:79þ1:7
�1:0 44:6þ1:3

�1:6

17:67þ0:7
�0:9 44:8þ1:6

�1:8

ure Epoxy, fractured at a strain rate of 0.0013/s in room temperature.



Fig. 7. FESEM micro-graphs of fracture-surface of E-0.5-CNT(a,b),E-1-CNT(c,d),E-1.5-CNT(e,f) and E-2-CNT(g,h) under different magnifications. All samples were fractured at a strain
rate of 0.0013/s in room temperature. Fig. a,c,e and g are low magnification images (500� zoom) and Fig. b,d,f and h are high magnification images (60000� zoom). Arrows and
circles indicate river-bed pattern and agglomerations respectively. Inset: Enlarged (35000� zoom) image of an agglomerate in respective nanocomposites.
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Fig. 8. XRD patterns of MWCNT, Epoxy and Nanocomposites.

Fig. 9. Unconstrained strain recovery curves of the studied nanocomposites. Showing
the Glassy state (<Tg � 5), Transition region (Tg � 5 to Tg þ 5) and the Rubbery state
(>T gþ 5).
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that, at large deformations some permanent irreversible damage
occurred with a programming temperature of Tg � 42

�
C. In our

experiments the deformation temperature is Tg � 15
�
C where little

or no irreversible damage have occurred during the cold drawing
step. The benefit of MWCNT reinforcement is shown in Table 6
through three important shape memory parameters, namely;
Shape Fixity (Rf), Response temperature (Tres) and Recovery speed
(Vr). Shape fixity defines the ability of the material to hold a tem-
porary shape. The temperature at which 50% of strain recovery has
occurred is denoted by Tres. The recovery speed defines the
Table 6
RPSM performance of different samples.

Parameter E-0-CNT E-0.5-CNT

Rf (%) 96:4þ0:5
�2:9 97:5þ1:1

�2:1
Tres (

�
C) 57:6þ3:1

�1:1 52:5þ1:8
�1:1

Vr (%/min) 3:67þ0:34
�0:39 4:58þ0:68

�0:19
sensitivity of the material with temperature change and can be
expressed as follows [43,44],

Vr ¼
0:8Rrεf _T
T90 � T10

Where, T90 and T10 are temperatures corresponding to 90% and 10%
strain recovery, respectively.

There is an improvement in the strain fixity with an increase in
MWCNT content. The plastic deformation is fixed through the
reorganization of segments which is held by the decreased
segmental mobility in glassy state [5]. The improvement in fixity
can be attributed to a further decrease in segmental mobility in the
glassy state with the addition of MWCNT in the polymer matrix.
The stress levels of the nanocomposites are higher throughout the
thermo-mechanical cycle indicating an efficient reinforcement of
MWCNT in the epoxy matrix. It has been reported [7,45] that the
strain recovery starts at temperatures below Tg when the pro-
gramming temperature is below Tg. A similar trend is observed in
the present study for neat epoxy. This might be attributable to the
increase in segmental mobility with an increase in temperature
which would have enabled the material to recover. In E-0-CNT, the
recovery has occurred over a range of temperature starting well
before the glass transition and achieving a complete recovery well
above Tg. This is not observed in nanocomposites where the re-
covery begins only after the temperature has reached Tg and the
stored strain is recovered completely just above Tg as shown in
Fig. 9. This indicates that the MWCNTs are able to successfully hold
the fixed strain by restraining the segmental mobility until the
temperature reaches Tg. Once the nanocomposite reaches rubbery
state the material starts to recover under entropic elasticity of the
matrix, assisted by the elastic energy stored in the MWCNT
resulting in a higher recovery speed and a lower response
temperature.

Fig. 10 shows a representative three-dimensional curve
depicting the steps involved in a RPSM cycle and the macro-
photographs of samples after various steps. The three dimen-
sional plots distinctly show the following steps; i) loading step:
loading at a constant strain rate up to a predetermined strain (s0,
ε0, t0), ii) relaxation step: the strain is kept constant until the
stress reaches an asymptotic value (s1, ε1 ¼ ε0, t1), iii) unloading
step: the load is removed instantly (s2 ¼ 0, ε2, t2 ¼ t1) and iv)
strain recovery step: the sample is heated to a temperature
higher than Tg at a constant heating rate where the sample re-
covers completely (s3 ¼ 0, ε3 ¼ 0, t3). Fig. 11 shows the effect of
strain rate on the RPSM properties of neat and MWCNT rein-
forced epoxy. The significance of strain rate can be observed in
the relaxation curves. The time taken to reach ε0 increases and
the time taken to relax from s0 to s1 decreases i.e the time taken
for the stress to reach an asymptotic value decreases. In E-0-CNT,
there is no significant difference in the asymptotic value of the
stress under different strain rates. Whereas, in E-1-CNT when the
strain rate decreases the asymptotic value of the stress increases
significantly i.e. when loaded at low strain rates MWCNT rein-
forced epoxy nanocomposite samples exhibit lesser stress
relaxation than the samples which are loaded at high strain rates.
E-1-CNT E-1.5-CNT E-2-CNT

98þ0:6
�1:5 98:5þ0:3

�1:3 98:5þ0:3
�1:0

51:2þ1:2
�3:4 51:1þ1:9

�3:0 50:7þ1:1
�3:6

6:06þ0:44
�0:40 6:08þ0:58

�0:63 6:11þ0:71
�0:67



Fig. 10. a) Representative 3D plot showing the steps involved in a RPSM cycle. b) As prepared sample (E-1-CNT)ePermanent Shape c) After cold drawing and stress relaxa-
tioneTemporary Shape d) After stress-free recoveryeRecovered Shape.

R. Abishera et al. / Composites Science and Technology 137 (2016) 148e158156
A possible explanation can be given as follows, at low strain rates
an effective load transfer between MWCNT and the matrix might
have occurred with minimal inter-facial failure enabling the
MWCNTs to store the stress as elastic energy, leading to a lower
stress relaxation.

Fig. 12 shows the effect of deformation length on the RPSM
properties of E-0-CNT and E-1-CNT. The samples were tested for
RPSM properties at three different strain levels namely; 10, 20 and
30%. Below 10%, for example at 5% strain level the deformation is
predominantly in the elastic region, hence little or no strain fixity
is observed regardless of the relaxation time for both neat and
reinforced epoxy. It can be observed that the s0 value decreases as
the deformation length increases, due to strain softening of the
tensile specimen during cold drawing. This decrease in s0 ulti-
mately leads to a decrease in the asymptotic value (s1). Once the
deformation crosses onto inelastic region all samples show a
decent amount of shape fixity. The pre-strain value has a
considerable effect on the shape fixity at zero relaxation time,
with an increase in pre-strain leading to an increase in shape
fixity. No significant effect is observed in shape fixity when the
samples are allowed to relax until the stress reaches an asymp-
totic value. So it can be concluded that good shape fixity can be
Fig. 11. Effect of strain-rate on the RPSM p
obtained for samples that have been deformed above the yield
strain, if the samples are allowed to relax until the stress reaches
an asymptotic value. To understand the effect of stress relaxation
on RPSM properties the samples were tested for four relaxation
times namely; 0, 5, 10 and 30 min and the results are presented in
Fig. 13. It can be observed that with an increase in stress relaxation
time a significant improvement in shape fixity can be obtained.
For example the shape fixity in neat epoxy after relaxation times
of 0, 5, 10 and 30 min is 85.2%, 88.1%, 94% and 96% respectively. It
should be noted the shape fixity reaches a saturation value above
which no amount of relaxation time will improve the shape fixity.
Also, unlike conventional programming, 100% shape fixity cannot
be obtained by cold drawing because a certain amount of strain is
always instantaneously recovered during elastic unloading. For all
relaxation times the shape fixity in nanocomposites were higher
than neat epoxy. Also, since stress relaxation is a characteristic of
the matrix, it has qualitatively similar effect on the
nanocomposites.

The RPSM mechanism can be explained as follows; When the
material is deformed beyond the initial yield, the molecular seg-
ments are reorganized which subsequently change its configura-
tional entropy (Step i). In the glassy state (below Tg) the plastic
roperties of a)E-0-CNT and b)E-1-CNT.



Fig. 12. Effect of deformation strain on the RPSM properties of a)E-0-CNT and b)E-1-CNT.

Fig. 13. Effect of relaxation time on the RPSM properties of a)E-0-CNT and b)E-1-CNT.
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deformation is a rate-dependent process, so the relaxation time
allows some reorientation of the deformed molecular structure
where the stress reduces asymptotically to a non-zero value (Step
ii). When the material is elastically unloaded, a relaxed stress-free
configuration is obtained. The plastic deformation is fixed due to
the high material viscosity and reduced segmental mobility in the
glassy state (Step iii). When the sample is heated above Tg, the
segmental mobility increases and the material recovers back to its
original configuration driven by the entropic elasticity of the
rubbery state (Step iv). This mechanism has been effectively
captured using a thermo-viscoelastic-viscoplastic model pro-
posed by Nguyen et al. [46] and the results are presented else-
where [47].

From the above results and discussions it can be observed that
by varying the different parameters likeMWCNTcontent, transition
region and programming conditions the material can be effectively
designed as per requirements. For instance, in a self healing system,
given the loading conditions like strain rate, the MWCNT content
and the transition region can be optimized to ensure that the
maximum strain is below the failure strain and that the plastic
deformation is completely recovered. Likewise in an actuator or a
morphing system, given the recovery conditions like morphing
configuration (recovery strain) and work to be done during actua-
tion (recovery stress), the parameters can be effectively tuned to
obtain the desired results.

4. Conclusion

In conclusion, an epoxy based SMP was tailored in order to
achieve reversible plasticity shape memory properties. The prop-
erties of SMP was further improved by addition of multi-walled
carbon nanotubes. The nanocomposites have been characterized
for mechanical, thermal, morphological and crystallographic
properties and the results were discussed. All samples showed
excellent RPSM properties. The effect of MWCNT content and pro-
gramming conditions like strain rate, deformation level and stress
relaxation on the RPSM effect were studied systematically. The
results proved that the addition of MWCNTs in the epoxy matrix
significantly increases the mechanical and RPSM properties like
improved shape fixity, response temperature and recovery speed.
The results also show that the material is able to display RPSM
effect under various programming conditions with 100% strain
recovery in each case. This work also shows that by optimizing the
parameters like MWCNT content and glass transition region, the
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material can be effectively designed for applications in smart
structures.
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