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Abstract

Thermally activated shape memory polymers are typically programmed by initially heating the material above the glass
transition temperature (Tg), deforming to the desired shape, cooling below Tg, and unloading to fix the temporary shape.

This process of deforming at high temperatures becomes a time-, labor-, and energy-expensive process while applying to

large structures. Alternatively, materials with reversible plasticity shape memory property can be programmed at tem-
peratures well below the glass transition temperature which offers several advantages over conventional programming.

Here, the free, partial, and fully constrained recovery analysis of cold-programmed multi-walled carbon nanotube–

reinforced epoxy nanocomposites is presented. The free recovery analysis involves heating the temporary shape above
Tg without any constraints (zero stress), and for fully constrained recovery analysis, the temporary shape is held constant

while heating. The partially constrained recovery behavior is studied by applying a constant stress of 10%, 25%, and 50%

of the maximum recovery stress obtained from the completely constrained recovery analysis. The samples are also char-
acterized for their thermal, morphological, and mechanical properties. A non-contact optical strain measurement

method is used to measure the strains during cold-programming and shape recovery. The different recovery behaviors

are analyzed by using a thermo-viscoelastic–viscoplastic model, and the predictions are compared with the experimental
results.
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Introduction

The ability to store and recover large deformations,

low-cost, ease-of-processing, tailorable material proper-

ties and response to wide range of stimuli have made

shape memory polymers (SMPs) as ideal candidate for

a wide range of applications (Lendlein and Kelch,

2002). Thermally activated SMPs have been extensively

studied for applications in small-scale devices such as

actuators, sensors, and biomedical stents (Sun et al.,

2012) to large-scale deployable aerospace structures

(Liu et al., 2014). Typically, a temporary shape is

imparted on an SMP device at temperatures higher

than the glass transition temperature (Tg), cooling

below Tg while holding the deformation and subse-

quent unloading to fix the temporary shape. Although

the conventional hot-programming approach is being

used in small-scale devices, programming at high tem-

peratures becomes a complicated task when applied to

large structures. Hence, it is necessary to develop and

study alternate programming techniques for applica-

tion in large structures. The reversible plasticity shape

memory (RPSM) property provides an alternate cold-

programming approach. The RPSM programming

involves the following steps; (1) deforming the material

plastically to a temporary shape at a temperature well
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below Tg, (2) holding the deformation to allow stress

relaxation, and (3) unloading to fix the temporary

shape. Finally, the material is heated above Tg to

recover the original shape, thus completing the shape

memory thermomechanical cycle. This simplified pro-

gramming step offers several advantages over the con-

ventional programming process such as higher recovery

ratio, faster recovery rate, and improved recovery stress

(Lakhera et al., 2012; Xie, 2011; Zhang et al., 2016). It

is to be noted that RPSM effect can be realized only

when the material is deformed above the elastic limit

(yield point) where there is plastic deformation and

within a limit where no permanent defects (such as

cracks) occur. Also by cold-programming, 100% shape

fixity cannot be obtained due to the instantaneous

recovery of elastic deformation.

The effect of deformation temperature (Td) on the

shape memory behavior was studied by Yakacki et al.

(2008) and Gall et al. (2005). They showed that the fail-

ure strain is maximum when Td is at the onset of the

glass transition rather than above Tg. Studies by

Feldkamp and Rousseau (2010) on an epoxy-based

SMP showed that the failure strain increased by five

times at the onset of Tg. The above studies indicate that

the onset of the glass transition must be just above the

room temperature to realize RPSM effect at large plas-

tic strains. Li and Xu (2011) studied the effect of stress

relaxation on the shape fixity under cold-compression

in a polystyrene-based SMP. They showed that the

shape fixity increased (.90%) with the increase in

relaxation time. The cold-programming technique has

also been used in designing thermally activated self-

healing systems such as ‘‘shape memory–assisted

self-healing (SMASH)’’ (Rodriguez et al., 2011), a bio-

mimetic two-step ‘‘seal and then heal’’ polymeric sys-

tem (Li and Uppu, 2010; Nji and Li, 2010), and systems

to heal surface defects (Wornyo et al., 2007; Xiao et al.,

2010).

Although SMPs have exceptional shape memory

properties, their low mechanical properties and the

inherent insulating properties limit their applications.

Reinforcing the bulk polymer with nano-fillers has pro-

ven to be an efficient approach to overcome these draw-

backs (Koo, 2006; Velmurugan and Mohan, 2004,

2009). Among these nano-fillers, carbon nanotubes

(CNT) have attracted special attention due to their

exceptional mechanical, thermal, and electrical proper-

ties (Thostenson et al., 2001). Previous studies (Hashmi

et al., 2014, 2015; Ni et al., 2007) have successfully

shown that addition of CNTs not only improves the

matrix properties but also assists in retaining and/or

enhancing the shape memory behavior at the same

time. Recently (Abishera et al., 2016), the RPSM prop-

erty of multi-walled CNT (MWCNT)–reinforced epoxy

nanocomposites has been reported. The glass transition

temperature of a commercially available epoxy resin

was tailored to realize large plastic deformations at

room temperature, and the properties were further

improved by MWCNT reinforcement. The authors also

systematically investigated the RPSM behavior of the

nanocomposites under various programming condi-

tions such as strain rate, deformation level, and stress

relaxation time. The results indicate an excellent shape

memory behavior with a potential to be used as an

alternate to conventional programming.

This article aims to study the free and constrained

recovery behavior of CNT/epoxy nanocomposites pro-

grammed by cold-programming. The material is charac-

terized for its thermal, mechanical, and morphological

properties, and the results are discussed. The deforma-

tion and recovery strains are measured using an optical

strain measurement (OSM) technique. The different

recovery behavior is also analyzed theoretically by using

a thermo-viscoelastic–viscoplastic model, and the pre-

dictions are compared with the experimental results.

Experimental methods

Material selection and fabrication

The materials used in this study are diglycidyl ether of

bisphenol A (DGEBA; Araldite LY556), neopentyl gly-

col diglycidyl ether (NGDE), poly(propylene glycol)

bis(2-aminopropyl) ether (Jeffamine 230), and high-

purity MWCNTs. All materials are used in as-received

condition.

The weight ratio of DGEBA to NGDE to Jeffamine

230 used in this study is 3:2:2. The steps involved in the

sample preparation are as follows: DGEBA, NGDE,

and MWCNT are mixed using a mechanical stirrer at

1500 r/min for 4 h. After mixing, Jeffamine 230 is

added to the mixture and stirred at the same speed for

another 15 min. The mixture is poured into a silicone

mold and cured at room temperature for 18 h,

de-molded, and post-cured at 80�C for 2 h. Dog-bone

shaped (ASTM D638 Type IV) samples are used to

characterize the shape memory behavior under tensile

deformations. Samples with 0, 0.5, 1, 1.5, and 2 phr

MWCNT in DGEBA–NGDE–Jeffamine 230 system

are prepared. It is observed that the mechanical proper-

ties of the nanocomposites with small MWCNT

content (upto 2 phr) showed qualitatively similar

stress–strain curves with linearly varying mechanical

properties. Several previous studies (Bai and Allaoui,

2003; Montazeri et al., 2010; Montazeri and Montazeri,

2011; Rajkumar et al., 2017) on similar composite sys-

tems have also shown that for small MWCNT content,

the material properties increased linearly with the addi-

tion of nano-fillers. For this reason and also for the

sake of brevity, henceforth the discussions are focused

on neat epoxy (E-0-CNT) and a representative nano-

composite (E-1-CNT) with 1 phr MWCNT in the

epoxy matrix. At least three samples are tested for each

experiment, and the average values are presented.
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Material characterization

Thermal characterization. Differential scanning calori-

meter (DSC) of M/s Netzsch DSC 200 F3 Maia is used

to study the glass transition properties. The DSC heat-

ing curves of all the samples are obtained for a tem-

perature range of 230 �C to 100 �C in a nitrogen

atmosphere. The heating rate is fixed at 10 �C/min. A

push-rod dilatometer is used to measure thermal

expansion coefficient of the samples.

Morphological characterization. The morphology of the

acquired MWCNTs and the fractured surfaces of differ-

ent specimens is studied with the help of field emission

scanning electron microscope (FESEM) of M/s FEI

Quanta 3D FEG. The samples are fractured in room

temperature at a strain rate of 0.0013/s.

Mechanical characterization. A universal testing machine

(UTM) fitted with an 1-kN load cell and a thermal

chamber along with an OSM program is used to study

and characterize the tensile performance of various

samples. The engineering stress versus time data are

obtained from the UTM, and the engineering strain

versus time data are obtained from the OSM program.

The samples are tested at room temperature (27 �C),

55 �C, and 80 �C at a strain rate of 0.0013/s.

OSM

The OSM technique used in this study involves a cam-

era and an OSM MATLAB program by Frank and

Spolenak (2008). The camera is used to capture the ten-

sile deformation, and the video is converted into

images. The program is able to measure the length in

pixels between two marks on the specimen. As shown

in Figure 1, the marks are in high contrast to the speci-

men and represent the gage length. The strain is mea-

sured as the distance between these two high-contrast

marks varies. The advantages of OSM include non-

contact strain measurement and facilitates strain mea-

surement in cases where testing is conducted in a

temperature-controlled environment, and where attach-

ing a strain measuring device is inconvenient or may

damage the sample. Also, this method is significantly

cost-effective when compared to other methods such as

digital image correlation, large-scale extensometer, and

laser extensometer (Liljenhjerte et al., 2016; Raasch

et al., 2015).

To validate the methodology, two high-contrast

strips are fixed in each of the tensile grips and the cross-

head is moved at a constant speed. The translatory

motion of the moving strip recorded by the cross-head

and the OSM program is compared, and the results are

shown in Figure 2 It is observed that the OSM pro-

gram is able to capture the displacement with great

accuracy.

RPSM characterization

The following steps are used to obtain the RPSM prop-

erties under stress-free conditions: (1) the sample is

deformed at room temperature (Td = 27 8C) to a strain

of 30% (ed = 0:3) at a constant strain rate ( _e) of

0.0013/s, (2) the deformation is held at ed for a period

of Dt= 30 min to allow stress relaxation in the sample,

(3) the sample is instantaneously unloaded and the

fixed strain (ef ) is measured, and finally, (4) the sample

is heated to a temperature Tr = 80 8:C at a heating

rate of _T = 3 8C=min under stress-free conditions to

Figure 1. Screen-shots of the OSM program user interface showing the test samples and the intensity profile. The horizontal and

vertical lines bound the test region: (a) neat epoxy and (b) reinforced epoxy.
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study the strain recovery of the sample. To measure the

shape recovery, the sample is fixed at one end and the

strain is measured using the OSM. The temperature–

strain–stress history of a typical RPSM cycle is given in

Figure 3. The shape fixity (Rf ) and the shape recovery

(Rr) are evaluated using the below equations

Rf =
ef

ed
3 100% and Rr =

(ef�er)

ef
3 100% ð1Þ

where er is the residual strain after free recovery at Tr.

For fully constrained recovery experiments, the pro-

cedure to fix the temporary shape, that is, the program-

ming module (Steps 1–3), is similar to that of free

(a) (b)

Figure 2. OSM validation: (a) screen-shot of the OSM program user interface showing high-contrast strips and intensity profile and

(b) comparison between the displacement measured by the cross-head and OSM program.

Figure 3. Temperature–stress–strain history of a typical RPSM thermomechanical cycle: (a) free recovery thermomechanical cycle

and (b) constrained recovery thermomechanical cycle.
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recovery analysis. The recovery module (Step 4)

involves holding the temporary shape (i.e. keeping ef

constant) while heating the sample above the glass

transition temperature at a constant heating rate of
_T = 3 8C=min. The sample is held between two grips of

the UTM fitted with a thermal chamber. The force

exerted by the sample during heating is measured using

a high-resolution 1-kN load cell.

The recovery module for partially constrained recov-

ery experiments involved application of a constant

stress corresponding to a fraction of the recovery stress

(sR) at 50 �C obtained from the fully constrained

recovery experiments. The samples are tested for par-

tially constrained stress values of 0:1sR, 0:2sR, and

0:5sR. The partially constrained temporary shape is

heated above the glass transition temperature at a heat-

ing rate of _T = 3 8C=min, and the strain recovered is

monitored as a function of time. A schematic of the

stress–strain history under various recovery conditions

is presented in Figure 4.

Model description

The principle behind the steps in an RPSM cycle can be

explained as follows (Li and Xu, 2011): when the mate-

rial is deformed at glassy state beyond the elastic region,

the molecular segments are reorganized which in turn

change its configurational entropy (Step 1). Below Tg,

the plastic deformation is a rate-dependent process, so

the relaxation time allows some reorientation of the

deformed molecular structure wherein the stress reduces

asymptotically to a non-zero value (Step 2). When the

load is removed, a relaxed stress-free configuration is

obtained with some elastic recovery. The plastic defor-

mation is fixed due to the high material viscosity and

reduced segmental mobility in the glassy state (Step 3).

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 4).

Here, the one-dimensional constitutive model based

on Nguyen et al. (2008) model is presented briefly to

analyze the RPSM behavior under uniaxial tension.

The one-dimensional rheological representation of the

model is shown in Figure 5. The constitutive equations

relate the following quantities:

The constitutive equations are as follows:

1. Structural relaxation

The evolution equation for the fictive temperature (Tf )

is given by

dTf
dt

=� 1

ts
(Tf � T ) ð2Þ

where ts is the structural relaxation time which is

defined in terms of Williams–Landel–Ferry (WLF)

constants (C1,C2) and can be expressed as follows

ts = tos exp �C1 �
C2(T�Tf )+ T (Tf�Tg)

T (C2 +Tf�Tg)

h i

ð3Þ

Figure 4. Schematic representation of the stress–strain history

under various recovery conditions.

Figure 5. One-dimensional rheological analogy of the thermo-

viscoelastic–viscoplastic model.

s Cauchy stress
U.0 Total stretch
UT Thermal component of the stretch
UM =UU�1

T Mechanical component of the stretch
Up Plastic stretch
Ue =UMU

�1
p Elastic stretch

ee = ln Ue Logarithmic elastic strain
T Temperature
Tf Fictive temperature—structural

relaxation–based internal variable
s Strength internal variable
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with Tg being the glass transition temperature and tos is

a pre-exponential constant. Equation (2) can be gener-

alized to include a spectrum of relaxation times, tsi

dTfi
dt

=� 1

tsi
(Tfi � T ), 1 � i � q ð4Þ

This set of q differential equations together with the

initial conditions govern the time and temperature

dependence of the system when subjected to any arbi-

trary thermal history. Only one (q= 1) differential

equation along with one relaxation time is considered

here for simplicity. The Tg is obtained experimentally

from DSC heating curves. C1, C2, and tos are obtained

from curve fitting equation (5) to the DSC curves

(Abishera et al., 2017)

P=DCp
dTf
dt

+Cpg
dT
dt

ð5Þ

where P is the heat flow, Cpg and Cpr are the heat capa-

cities of glassy and rubbery states, respectively, and

DCp =Cpr � Cpg. The Cp at the onset and end of the

transition region are taken as Cpg and Cpr, respectively.

2. Thermal deformation

Under the assumption that the thermomechanical

response is isotropic, the thermal stretch can be written

as

UT = 1+ar(Tf � To)+ag(T � Tf ) ð6Þ

where ar and ag are the linear coefficients of thermal

expansion (LCTEs) above and below Tg, respectively.

The LCTEs are obtained from dilatometer experiments.

3. Equations for stress

The Cauchy stress can be additively decomposed as

follows

s=sn +svp ð7Þ

where sn represents the time-independent rubbery

behavior above Tg which is represented by the eight-

chain network model of Arruda and Boyce (1993) and

can be written as (Anand and Ames, 2006)

sn =mr
lL

lchain
L�1 lchain

lL

� �

½U2 � U�1� ð8Þ

Here, mr represents the rubbery state modulus and lL is

the locking stretch. With

lchain=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

U2�2U�1

3

q

ð9Þ

and

L(b)= coth(b)� 1

b
ð10Þ

And svp represents the time-dependent viscoplastic

behavior of the amorphous glassy polymer below Tg
and is represented as

svp =Eee ð11Þ

where E is the initial glassy state Young’s modulus. The

modulus values at glassy and rubbery state are obtained

from tensile tests at 27 �C and 80 �C, respectively.

4. Flow rule

The evolution equation for Up is given as

_Up = _gpUp ð12Þ

Here, _gp is the effective tensile plastic stretch rate and

can be given in terms of T and Tf as follows

_gp =
s
hg

T
Q
exp C1:

C2(T�Tf )+ T (Tf�Tg)

T (C2 +Tf�Tg)

h i

sinh Q

T

svp

s

� �

� 1
� �

ð13Þ

where hg is the shear viscosity at Tg and Q is an activa-

tion parameter. s is an internal variable which repre-

sents the athermal yield strength which evolves

according to the phenomenological model given by

Boyce et al. (1989) as follows

_s= h 1� s
ss

� �

_gp, s(t= 0)= so, ss\so ð14Þ

where h is the flow softening modulus and ss is the

saturation value of the shear strength. The initial

strength (so) is obtained from tensile tests at glassy state

(27 �C). The parameters hg, Q, h, and ss are obtained

by curve fitting the predictions to the uniaxial tensile

and relaxation testes for different strain rates and tem-

peratures by minimizing the error function, which is

defined through

F= 100

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

N

P

N

i= 1

1�
s
(i)
pre

s
(i)
exp

	 


s

ð15Þ

where N is the total number of experimental data

points, s(i)
pre represents the predicted stress correspond-

ing to the ith data point, and s(i)
exp represents the corre-

sponding experimental value.

Table 1 provides the model parameters used in this

study. Since the nanocomposites contain a low volume

fraction (\1%) of MWCNTs and also to maintain

computational simplicity, the nanocomposites are

treated as a single-phase continuum at a macroscopic

level, with the model parameters representing the effec-

tive properties (Yang et al., 2006). The material proper-

ties of the neat and reinforced epoxy are determined

from basic micro-mechanics models and standard ther-

momechanical experiments. The effect of MWCNT on

6 Journal of Intelligent Material Systems and Structures 00(0)



the material behavior can be seen from the variations

in the model parameters.

Results and discussions

Thermal properties

Tg is the temperature at which the SMP gets thermally

activated, that is, reverts back to original shape and is

a key parameter in designing SMP-based smart

structures. Hence, it is significant to understand any

variation in Tg with MWCNT content. The DSC heat-

ing curves of neat and filled epoxy are presented in

Figure 6. The glass transition temperatures are

obtained with the aid of NETZSCH Proteus software

version 6.1.0. The high failure strain of the studied

samples at room temperature can be attributed to the

onset of glass transition being closer to room tempera-

ture (27 �C). A characteristic feature of the glass tran-

sition is an increase in polymer chain mobility in the

rubbery state. Addition of MWCNT gradually

increases the glass transition temperature. This effect

can be attributed to the decrease in mobility of the

polymer chains with the addition of MWCNTs.

Addition of MWCNT had negligible effect on the

LCTE values obtained from the push-rod dilatometer.

Hence, the LCTE is taken as constant for both neat

and filled epoxy. The measured values for LCTE are

6:043 10
�5= 8C and 18:923 10

�5= 8C for temperatures

below and above Tg, respectively.

Morphological properties

FESEM micro-graphs of pristine MWCNTs and frac-

tured surface of unreinforced and reinforced epoxy are

shown in Figure 7. The MWCNTs are found to be

highly pure (.95% according to the supplier) with an

average length of 7.5 mm and an outer diameter of

22040 nm yielding an average aspect ratio of 250. The

fractography of neat epoxy shows a relatively smooth

fracture surface indicating a ductile failure mode. At

low magnifications, a considerable difference in fracture

surface can be observed between neat and filled epoxy.

The presence of river-bed pattern can be observed in

the nanocomposites indicating a decrease in ductility.

The low-magnification micro-graphs show agglomera-

tions as bright white spots. Nevertheless, the agglomer-

ates are uniformly distributed with an average size of

less than 1 mm. The high-magnification micro-graphs

show individually pulled out MWCNTs protruding

from the fracture surface. It can be observed that all

nanotubes including agglomerated MWCNTs are com-

pletely covered by epoxy indicating a good adhesion

between MWCNT and the matrix resulting in better

mechanical properties. The average effective fiber dia-

meter of epoxy coated MWCNT is found to be 85 nm.

Figure 6. DSC heating curves of neat and filled epoxy.

Table 1. Material parameters used in the preliminary constitutive model.

Model parameter (parameter determination) E-0-CNT E-1-CNT (effective properties)

Glass transition temperature, Tg (DSC) 42.1 �C 44.1 �C
Programming temperature, To 27 �C 27�C
Linear CTE of below Tg, ag (dilatometer) 0:6310�4 = 8C 0:6310�4= 8C
Linear CTE of above Tg , ar (dilatometer) 1:8310�4= 8C 1:8310�4= 8C
Glassy state Young’s modulus, E (tensile test at 27 �C) 450.2 MPa 616.2 MPa
Rubbery state Young’s modulus, mr (tensile test at 80 �C) 6.5 MPa 12.8 MPa
Locking stretch, lL (curve fitting) 0.67 0.71
Shear viscosity at Tg , hg (curve fitting stress–strain curves) 10,123 MPa s 24,000 MPa s
Initial shear strength, so (tensile test at 27) 16.77 MPa 25.77 MPa
Saturation value of shear strength, ss (curve fitting stress–strain curves) 13.35 MPa 18 MPa
Flow activation parameter, Q (curve fitting stress–strain curves) 1899 K 2216.2 K
Flow softening modulus, h (curve fitting stress–strain curves) 250 MPa 300 MPa
First WLF constant, C1 (curve fitting DSC curves) 33.9 35
Second WLF constant, C2 (curve fitting DSC curves) 76.1 �C 150 �C
Structural relaxation time at Tg , t

o
s (curve fitting DSC curves) 96.3 s 90 s

DSC: differential scanning calorimeter; CTE: coefficient of thermal expansion; WLF: Williams–Landel–Ferry.
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Tensile properties

The experimental and predicted results of the tensile

properties of neat and reinforced epoxy under different

temperatures are presented in Figures 8 and 9, respec-

tively. To avoid any relaxation effect, the samples along

with the grips are heated and held at the desired

temperature for 30 min before beginning the test. The

thermocouple is placed close to the samples, not on the

sample so that the temperature must be considered as

the temperature of air in the chamber. At room tem-

perature (27 �C), the following distinct regions can be

observed: (1) an initial linear elastic region, (2) a maxi-

mum point representing the yield stress, (3) decrease in

Figure 7. FESEM micro-graphs of (a) pristine MWCNT, (b) fracture surface of pure epoxy, (c) fracture surface of reinforced epoxy

at low magnification (5003 zoom), (d) fracture surface of reinforced epoxy at high magnification (60,0003 zoom), and (e) enlarged

(35,0003 zoom) image of an agglomerate.

Figure 8. Effect of temperature on the tensile performance of

neat epoxy.

Figure 9. Effect of temperature on the tensile performance of

reinforced epoxy.
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stress representing a strain softening regime, and (4)

nearly constant stress region representing the plastic

flow. The model is able to capture all the regions with

significant accuracy.

Addition of MWCNT resulted in improved Young’s

modulus and yield strength indicating an effective rein-

forcement. The effect of temperature on the tensile per-

formance had qualitatively similar effect on both neat

and reinforced epoxy. It can be seen that an increase in

temperature results in a decrease in Young’s modulus

and yield strength with the samples showing a rubbery

behavior at 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. The model is able to capture the effect of tempera-

ture on the isothermal tensile behavior of both

specimens.

Stress relaxation behavior

Figure 10 presents the stress relaxation behavior of neat

and reinforced epoxy. The material is deformed to a

strain of 30% at a strain rate of 0.0013/s at room tem-

perature and the deformation is held for 30 min to allow

stress relaxation. Since the relaxation behavior is depen-

dent on the viscoelastic behavior of epoxy matrix, both

neat and reinforced epoxy show qualitatively similar

stress relaxation behavior. It is observed that the stress

reaches an asymptotic value around 20 min above which

little or no stress relaxation is observed. Throughout the

loading and relaxation steps, higher stress values are

observed in the nanocomposites. The rate-dependent

nature of the glassy state resulting in the relaxation beha-

vior is successfully captured by the model.

The shape fixity of the cold-programmed materials

significantly depends on the stress relaxation time. To

understand the effect of stress relaxation on RPSM

properties, the samples are tested for four relaxation

times, namely, 0, 5, 10, and 30 min, and the results are

presented in Figure 11. It is observed that with a

decrease in stress relaxation time, there is a significant

reduction in shape fixity. 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 unload-

ing. For all relaxation times, the shape fixity in nano-

composites is higher than neat epoxy. The increase in

strain fixity can be attributed to a decrease in segmental

mobility with the addition of MWCNTs. Also, since

stress relaxation is a characteristic of the matrix, it has

qualitatively similar effect on the nanocomposites. The

model is able to capture the effect of stress relaxation

on the shape fixity for relaxation times of 0, 10, and

30 min and has predicted a higher shape fixity for

5 min relaxation time.

Free recovery analysis

Figure 12 presents the free recovery behavior of neat

and reinforced epoxy. To study the free recovery, the

sample is heated above the glass transition temperature

at stress-free condition. It has been reported (Gall

et al., 2005; Ping et al., 2005) that the strain recovery

starts at temperatures below Tg when the programming

temperature is below Tg. A similar trend is observed in

this 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

(a) (b)

Figure 10. Stress relaxation behavior of (a) neat epoxy and (b) reinforced epoxy.
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recover. In neat epoxy, the recovery has occurred over

a range of temperature starting before the glass transi-

tion temperature and achieving a complete recovery

above Tg. This is not observed in nanocomposites

where the recovery begins only after the temperature

has reached Tg and the stored strain is recovered com-

pletely just above Tg as shown in Figure 12. This indi-

cates that the MWCNTs are able to successfully hold

the fixed strain by restraining the segmental mobility

until the temperature reaches Tg. Once the nanocompo-

site 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. The model is able to capture the

basic trend in the recovery performance of the materi-

als. The mismatch between the experiments and predic-

tions can be reduced by using a spectrum of structural

relaxation processes. Here, only one structural relaxa-

tion process is used for the sake of computational sim-

plicity. Although the samples have deformed to very

high strains, all samples have recovered completely

when heated above Tg.

Fully constrained recovery analysis

Figure 13 presents the constrained recovery perfor-

mance of neat and reinforced epoxy. After unloading

and fixing the temporary shape, both ends of the sam-

ple are held between two grips of the UTM thereby

keeping the strain constant. The constrained specimen

is heated at a constant heating rate and the stress devel-

oped in the sample is measured using the load cell.

Recovery stress defines the ability of the material to do

work under thermal actuation. Stress recovery is

Figure 12. Free recovery analysis of (a) neat epoxy and (b) reinforced epoxy.

(a) (b)

Figure 11. Effect of stress relaxation on the shape fixity: (a) neat epoxy and (b) reinforced epoxy.
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observed in neat epoxy at temperatures below the glass

transition temperature correlating to the trend observed

in the free recovery analysis. The stress reaches a maxi-

mum value just above the glass transition temperature

after which the stress remains constant. The observed

results are consistent with the results obtained by Li

and Shojaei (2012). In reinforced epoxy, although there

is gradual stress recovery below Tg, the major part of

the stress recovery occurs only when the temperature

reaches the glass transition temperature and rapidly

reaches the maximum value. The advantage of

MWCNT reinforcement can be observed in the

improved recovery stress in the nanocomposites. The

average maximum recovery stress (sr) is found to be

1.65 and 3.38 MPa for neat and reinforced epoxy,

respectively (Figure 13). The model is able to capture

the maximum recovery stress generated in the samples

with considerable accuracy. The mismatch in the stress

recovery paths can be minimized by using multiple

stress or structural relaxation process.

Partially constrained recovery analysis

Figure 14 presents the partially constrained recovery

analysis of neat and reinforced epoxy. After unloading,

a constant stress of 10%, 25%, and 50% of the corre-

sponding maximum recovery stress (sr) is applied to

the sample and heated to 70 �C at a constant heating

rate. The samples are held at 70 �C for a period of

5 min to record any creep deformations. An increase in

the constraining stress resulted in a decrease in the

strain recovery. The average shape recovery for neat

epoxy is 91.3, 67%, and 24.3%, and for reinforced

epoxy it is found to be 89.7%, 59.5%, and 21.9% for

10%, 25%, and 50% sr, respectively. An increase in

creep deformation is observed with an increase in the

(a) (b)

Figure 13. Constrained recovery analysis of (a) neat epoxy and (b) reinforced epoxy.

Figure 14. Experimental and predictions of partially constrained recovery analysis of (a) neat epoxy and (b) reinforced epoxy.
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constraining load. This effect is more pronounced in

neat epoxy. Further increase in the constraining load

has resulted in little or no shape recovery with large

creep deformations when heated above Tg. It can be

observed that the model was able to capture the initial

strain recovery under partial constraints but was not

able to capture the creep deformation at temperatures

above Tg. The results can be improved by using multi-

ple structural (equation (4)) and stress relaxation pro-

cesses (U i
M =U i

eU
i
p).

Conclusion

The recovery performance of cold-programmed shape

memory epoxy/CNT nanocomposites is investigated

for free, partial, and completely constrained conditions.

Initial mechanical characterization revealed an

improvement in the Young’s modulus and strength with

MWCNT addition. Under free recovery conditions, all

materials show excellent shape recovery behavior with

100% shape recovery. There is an improvement in the

shape fixity and recovery stress with the addition of

MWCNT. The effect of constraining loads on the shape

recovery performance is studied. The nanocomposites

showed higher recovery stress during completely con-

strained recovery analysis. Partially constrained recov-

ery tests showed that with an increase in constant

constraining stress, there is a decrease in shape recovery

and an increase in creep deformations when heated

above Tg. A thermo-viscoelastic–viscoplastic model is

used to study the different recovery behavior, and the

predictions are compared with the experiments. The

model is able to predict the mechanical and the shape

recovery behavior with significant accuracy. As a result,

it is demonstrated that the cold-programming approach

can be used as an alternate to conventional high-

temperature programming.
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