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Mechanisms of triple-shape polymeric composites due
to dual thermal transitions
Qi Ge,a Xiaofan Luo,bcd Christian B. Iversen,bc Patrick T. Mather,bc Martin L. Dunna
and H. Jerry Qi*a
Shape memory polymers (SMPs) are a class of smart materials capable of ﬁxing a temporary shape and
recovering the permanent shape in response to environmental stimuli such as heat, electricity,
irradiation, moisture, or magnetic ﬁeld, among others. Recently, multi-shape SMPs, which are capable of
ﬁxing more than one temporary shape and recovering sequentially from one temporary shape to
another and eventually to the permanent shape, have attracted increasing attention. In general, there
are two approaches to achieve a multi-shape memory eﬀect (m-SME): the ﬁrst one requires the SMP to
have a broad temperature range of thermomechanical transition, such as a broad glass transition. The
second approach uses multiple transitions to achieve m-SME, most notably, using two distinct transition
temperatures to obtain a triple-shape memory eﬀect (t-SME). The recently reported approach for
designing and fabricating triple-shape polymeric composites (TSPCs) provides a much larger degree of
design ﬂexibility by separately tuning the two functional components (matrix and ﬁber network) to
achieve optimum control of properties. The triple-shape memory behavior demonstrated by a TSPC is
studied in this paper. This composite is composed of an epoxy matrix, providing a rubber–glass
transition to ﬁx one temporary shape, and an interpenetrating crystallizable PCL ﬁber network
providing the system the melt–crystal transition to ﬁx a second temporary shape. A one-dimension (1D)
model that combines viscoelasticity for amorphous shape memory polymers (the matrix) with a
constitutive model for crystallizable shape memory polymers (the ﬁber network) is developed to
describe t-SME. The model includes the WLF and Arrhenius equations to describe the glass transition of
the matrix, and the kinetics of crystallization and melting of the ﬁber network. The assumption that the
newly formed crystalline phase of the ﬁber network is initially in a stress-free state is used to model the
mechanics of evolving crystallizable phases. Experiments including uniaxial tension, stress relaxation, and
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triple-shape memory testing were carried out for parameter identiﬁcation. The model accurately
captures t-SME exhibited in experiments. The stress and stored energy analysis during the shape
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memory cycle provides insight into the mechanisms of shape ﬁxing for the two diﬀerent temporary
shapes, the nature of both recovery events, as well as a guidance on how to design transitions to
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achieve the desired behavior.

1

Introduction

Shape memory polymers (SMPs) are a class of smart polymers
that can x a temporary shape and recover their permanent
shape in response to environmental stimulus such as heat,1–5
light,6–14 moisture,15 and magnetic eld,16 among others. Among
the SMPs developed recently, thermally triggered SMPs are the
most widely investigated.17 Compared to shape memory alloys,
SMPs are extraordinarily stretchable (up to 1100%),1 have low
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density, are inexpensive and easier to fabricate, degradable and
tailorable.1,2 These advantages allow SMPs to be used in many
applications such as microsystem actuation components,
recoverable surface patterns, biomedical devices, aerospace
deployable structures, and morphing structures.1,2,17–22
For a thermally triggered SMP, a thermomechanical cycle
starts by deforming the material at a temperature TH above a
transition temperature TTrans. The material is then cooled down
to a temperature TL below TTrans, while maintaining the
deformed shape. At TL, the deformed shape is xed aer
removal of the external load. This deformed shape is usually
termed as the programmed shape or temporary shape. Shape
recovery is activated by increasing the temperature to TH and
the material recovers its initial shape or permanent shape
under the driving force of rubber elasticity from an underlying
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network of covalent or physical crosslinks. In this thermomechanical cycle, a SMP has two shapes, namely the temporary
shape and the permanent shape. Therefore, it is sometimes
referred to as a “dual-shape” SMP. A physical mechanism is
required to eﬀect the transition between the two shapes – two
examples are the glass transition between the rubbery and the
glassy states23–26 and the transition between crystals and
melts.27–30
Along with strong interests in dual-shape SMPs, multi-shape
SMPs have started to attract increasing attention. To date, there
are two approaches to achieve a multi-shape memory eﬀect (mSME). The rst approach requires the SMP to have a wide
temperature range of thermomechanical transition. For
example, Xie31 recently demonstrated that peruorosulphonic
acid ionomer (PFSA), a thermo-plastic SMP with a broad glass
transition temperature range from 55  C to 130  C, could show
m-SME, if the temperature is increased during recovery in a
staggered manner. Using a simple theoretical model, we found
that the physical mechanism of this observed m-SME is due to
the multiple relaxation modes of macromolecular chains, these
relaxation modes being sensitive to temperature.32 At a particular temperature during recovery, some relaxation modes are
active (meaning their relaxation time is comparable with the lab
time scale), while some other relaxation modes are not
(meaning their relaxation time is extremely long as compared to
the lab time scale). If the temperature is increased in a staggered
manner, the number of active relaxation modes also increases in
a staggered manner, leading to the observed m-SME.
The second approach is to use multiple transition temperatures to achieve m-SME, most notably, to use two distinct
transition temperatures to obtain the triple-shape memory
eﬀect (t-SME). Here, t-SME refers to xing two temporary shapes
and recovering sequentially from one temporary shape to the
other upon continuous heating, and ultimately to the permanent shape.33–36 In a typical thermomechanical triple-shape
memory cycle (Fig. 1), in Step 1 (S1), the material is initially
deformed at a temperature TH, where TH is higher than two
phase transition temperatures (TTrans I and TTrans II). In Step 2
(S2), the temperature is decreased to TL1 (TL1 < TTrans I), while
maintaining the external load resulting in the deformation in
S1. Aer removal of the external load, in Step 3 (S3), xing of
the rst temporary shape at TL1 is revealed. In Step 4 (S4), the
sample is deformed further at TL1 (note: this need not be in the
same direction or in the same plane as the rst deformation.) In
Step 5 (S5), the material is cooled to TL2 (TL2 < TTrans II), while
keeping the external load causing the deformation in S4. In Step
6 (S6), aer unloading, the second temporary shape is xed at
TL2. In Step 7 (S7), as the sample is heated back to TL1, the
material recovers into its rst temporary shape. In Step 8 (S8),
the permanent shape is reached by heating to TH.
Recently, several methods of achieving the t-SME were
reported. Bellin and co-workers33,34 developed two diﬀerent
polymer networks to achieve the t-SME. These two network
systems are macroscopically homogeneous with two microscopic polymer segments. The two phase transitions are either
glass transition of one segment and crystal–melt transition of
the other one, or two crystal–melt transitions of two diﬀerent
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Fig. 1 Schematic of a thermomechanical triple shape memory cycle. At S1,
where TH > TTrans I > TTrans II, the material is initially deformed by Weight I. At S2,
the temperature is decreased to TL1 (TTrans I > TL1 > TTrans II), while maintaining
Weight I. At S3, after removal of Weight I at TL1, the ﬁrst temporary shape is ﬁxed.
At S4, the material is further deformed by Weight II at TL1. At S5, the temperature
is cooled down to TL2 (TL2 < TTrans II), while keeping Weight II. At S6, the ﬁxing of
the second temporary shape is revealed by removing Weight II at TL2. At S7, the
material recovers into its ﬁrst temporary shape, as the temperature is heated back
to TL1. At S8, the permanent shape is reached by heating to TH.

segments. Xie et al.36 reported a diﬀerent method of achieving
the t-SME using a macroscopic bilayer crosslinked polymer
structure with two well separated phase transitions. Recently,
based on the fabrication of shape memory elastomeric
composites (SMECs),27 Luo and Mather35 introduced a new and
broadly applicable method for designing and fabricating triple
shape polymeric composites (TSPCs) with well controlled
properties. In the TSPC, an amorphous SMP (epoxy with Tg z
20–40  C, depending on the precise composition) works as the
matrix providing overall elasticity and provides one phase
transition temperature, and non-woven PCL (poly(3-caprolactone)) microbers produced by electrospinning and incorporated into the matrix provide the other phase transition
temperature due to the crystal–melt transition of PCL (Tm z
50  C). Compared with methods reported previously, the
approach for fabricating polymeric composites is quite exible,
since one can tune the functional components separately to
optimize material properties, opening up the potential to
design for a variety of applications.35
Constitutive models were also developed in the past for
SMPs. These models were mainly for dual-shape SMPs,
including the early model by Tobushi et al.,37 the modied
standard linear solid model with the Kohlrausch–Williams–
Watts (KWW) stretched exponential function by Castro et al.,38
three dimensional nite deformation models for amorphous
SMPs developed by Liu et al.,18 Qi et al.,23 Nguyen et al.,24 Chen
and Lagoudas,39,40 and Westbrook et al.;41 constitutive models
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for crystallizable shape memory polymers were developed by
Barot and Rao,42 Westbrook et al.,30 and Ge et al. for SMECs.28
For multi-shape SMPs, Yu et al.32 demonstrated that a multibranch model can be used to capture the m-SME in SMPs with a
broad range of transition temperatures. For the t-SME with dual
transition temperatures, to the authors' best knowledge, no
model has been reported to date.
This paper investigates the triple-shape memory behavior of
TSPC and presents a one-dimension (1D) model to describe the
triple-shape memory behavior. In the model, the macroscopic
behavior of the composite depends on two phases the
composite is made up of. Each phase of the composite can
undergo individual phase transition (the glass transition for the
matrix and the crystal–melt transition for the ber network) and
contributes to the macroscopic behavior. The model separately
considers the glass transition and crystal–melt transition. This
separate treatment allows the material parameters used in
the model to be independently identied from experiments.
The parameter identication approaches are proposed and the
necessary tests are described. The paper is arranged in the
following manner: in Section 2, the material is introduced
briey and experimental results including DMA, stress relaxation tests, uniaxial tension tests and triple-shape memory
behaviors are presented. Section 3 introduces the 1D model. In
Section 4, parameter identication is introduced and, with
parameters having been determined by experiments, simulations of stress and stored energy analysis for the triple-shape
memory behavior are presented.

2 Materials and thermomechanical
behaviors
2.1

Materials

A TSPC was prepared using an epoxy-based copolymer thermoset system as the matrix and a poly(3-caprolactone) (PCL) as
ber reinforcements. For the epoxy-based copolymer thermoset
system, it consists of an aromatic diepoxide (diglycidyl ether of
bisphenol-A or DGEBA), an aliphatic diepoxide (neopentyl
glycol diglycidyl ether or NGDE) and a diamine curing agent
(poly(propylene glycol) bis(2-aminopropyl) or Jeﬀamine D230).35
In this paper, the mole% ratio DGEBA : NGDE ¼ 30 : 70 or
D30N70 was chosen for all tests. The fabrication is similar to
that of previously reported shape memory elastomeric
composites (SMECs).27,35
2.2

Paper

Fig. 2 DMA results for the epoxy/PCL TSPC: storage modulus with temperature
during a cooling–heating cycle. During heating, a cascade of three storage
modulus plateaus was observed. At Plateau I, the matrix (epoxy) is in the glassy
state and the ﬁber network (PCL) is in the semicrystalline state. At Plateau II, the
matrix is in the rubbery state, but the ﬁber network is still in the semicrystalline
state. At Plateau III, the matrix is in the rubbery state and the ﬁber network is in
the melting state. During cooling, Plateau II disappears.

glass–rubber transition of epoxy and the crystal–melt transition
of PCL, respectively. As a result, a cascade of three storage
modulus plateaus of decreasing magnitude with increasing
temperature was observed. The rst high modulus plateau
(1.5 GPa) exists below epoxy Tepoxy
attributed to the glassy state
g
of epoxy (Plateau I in Fig. 2). The second moderate modulus
plateau (10 MPa) lies between epoxy Tepoxy
and PCL TPCL
g
m ,
where epoxy is in the rubbery state but PCL is in the semicrystalline state (Plateau II in Fig. 2). Above PCL TPCL
m , there is a
low modulus plateau (2 MPa) (Plateau III, in Fig. 3). Diﬀerent
from the heating trace, during cooling, the rubber–glass transition of epoxy and the melt–crystal transition of PCL are largely
merged into one single transition and Plateau II disappears.
This is primarily attributed to two close temperature ranges of
two transitions, and the supercooling that is inherent to

DMA experiments

DMA tests were conducted using a dynamic mechanical
analyzer (Q800 DMA, TA Instruments). The epoxy/PCL TSPC (a
11.65 mm  1.7 mm  0.43 mm rectangular lm) was stretched
by a dynamic tensile load at 1 Hz. The temperature was rst
cooled at a rate of 1  C min1 from 100  C to 50  C, then aer
10 min thermal equilibration at 50  C, it was heated up to
100  C at a rate of 1  C min1. Fig. 2 shows the tensile storage
modulus with temperature. The heating trace and the cooling
trace show diﬀerent features. In the heating trace, it clearly
shows two separated thermal transitions, corresponding to the
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Fig. 3 Tensile relaxation modulus for temperatures varying from 0  C (indicate
color or insert line) to 30  C (indicate color or insert line) with 2  C temperature
intervals between experiments.
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polymer crystallization. A signicant hysteresis between the
heating and the cooling traces are observed, especially between
the melting at 55  C and the crystallization at 30  C. The
major reason resulting in the signicant hysteresis is due to the
diﬀerence between the kinetics of crystallization and melting.
For example, crystallization occurs only at temperatures below
the crystallization temperature whilst melting only occurs at
temperatures above the melting temperature. For polymers, the
crystallization and melting temperatures are identical or very
close to each other.
2.3

Stress relaxation tests

Stress relaxation tests were conducted using the DMA machine
in order to yield the viscoelastic data required by material
parameter estimations needed for our modeling. A rectangular
TSPC sheet with the dimension of 8.97 mm  1.71 mm 
0.43 mm was used for tests. Stress relaxation tests were performed at 16 diﬀerent temperatures evenly distributed from
0  C to 30  C, a temperature safely below the melting point of
the ber network. The sample was preloaded by application of a
small, 1  103 N force to maintain its straightness. Aer
reaching the testing temperature, it was thermally equilibrated
for 30 min. Then a 0.1% strain was applied to the sample and
the relaxation modulus was observed for 30 min. Fig. 3 shows
the results of stress relaxation for 16 diﬀerent temperatures.
Based on the well-known time temperature superposition
principle (TTSP),43,44 a relaxation master curve was achieved by
shiing relaxation curves to a reference temperature of Tr ¼
16  C, with temperature-dependent shiing factors. The relaxation master curve and shiing factors will be reported in
Section 4.
2.4

Uniaxial tension tests

The uniaxial tension tests for both the neat epoxy and the TSPC
were conducted using the DMA machine. The dimensions of the
neat epoxy sample and the TSPC sample were 9.09 mm 
1.8 mm  1.44 mm and 9.97 mm  1.97 mm  0.5 mm,
respectively. Both samples were tested at 40  C and 80  C
respectively, at the loading rate of 0.5 MPa min1. The results of
uniaxial tensions were used for parameter identication, which
will be introduced in Section 4.1.
2.5

Shape memory behavior

Shape memory behaviors were tested on the DMA machine with
a 10.69 mm  2.25 mm  0.42 mm rectangular lm. The t-SME
was achieved by following an eight-step-shape-xing method
proposed by Luo and Mather:35 in Step 1 (S1), the material is
initially stretched at a stress rate of 0.5 MPa min1 to a constant
load P1 at a temperature TH (TH > Tepoxy
, TPCL
g
m ). In Step 2 (S2), the

material is cooled down at a rate of 2 C min1 to a temperature
TL2 (TL2 < Tepoxy
, TPCL
g
m ) while maintaining the load P1. In Step 3
(S3), it is heated up at a rate of 2  C min1 to a temperature TL1
(Tepoxy
< TL1 < TPCL
g
m ). In Step 4 (S4), aer unloading, the rst
temporary shape is xed at TL1. In Step 5 (S5), the material is
stretched at the same stress rate of S1 to a constant load P2 (P2 >
P1) and the material is in a new deformation state. In Step 6 (S6),
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it is cooled down to TL2 again, while keeping the constant load
P2. In Step 7 (S7), aer unloading, the material achieves the
second temporary shape at TL2. Finally, in Step 8 (S8), the
material is heated up to TL1 and it recovers to its rst temporary
shape and permanent shape sequentially. In this paper, this
approach is used where TH is 80  C, TL1 is 40  C and TL2 is 0  C.
It is emphasized that the cooling to TL2 in S2 and the heating to
TL1 in S3 are necessary to distinguish the two separated phase
transitions: in S2, epoxy is in the glassy state and PCL is in the
semicrystalline state and in S3, PCL is still in the semicrystalline
state but epoxy is in the rubbery state. The strain–temperature
plots are shown in Section 4 with three diﬀerent nominal stress
pairs (P1 ¼ 0.1 MPa, P2 ¼ 0.3 MPa; P1 ¼ 0.15 MPa, P2 ¼ 0.45 MPa;
P1 ¼ 0.2 MPa, P2 ¼ 0.6 MPa).
As reported by Luo and Mather,35 the triple-shape behavior
can be achieved by a so-called “one-step-xing” method. In
order to better understand the mechanism on how to achieve
two temporary shapes aer a single xing step, the material was
tested by the “one-step-xing” method. The material was
stretched at a rate of 0.5 MPa min1 to 0.2 MPa at 80  C and
then cooled down to 0  C at a rate of 2  C min1, while maintaining the load; aer quickly unloading at 0  C, almost 100%
strain was xed. During heating, it is quite interesting that there
is a strain plateau at 40 to 60  C, and at 80  C, the material was
able to completely recover to its permanent shape. In Section 4,
we will show that three shapes can be observed: one at 0  C, one
at between 40  C and 60  C, and nally one at 80  C.

3

Model description

3.1

Overall model

In this section, a one dimensional (1D) model is developed to
capture the t-SME in the epoxy/PCL TSPCs and to clearly
understand the mechanism of shape xing, stress and strain
energy distribution during a shape memory cycle. In this model,
the matrix and the ber network are treated as a homogenized
system. The macroscopic behavior of the system depends on the
two phases (the matrix and the ber network). The matrix as an
amorphous SMP undergoes the glass transition and the ber
network as the crystallizable polymer undergoes the crystal–
melt transition. The ber network is a liquid (melt) at high
temperatures and an elastic solid at low temperature, where
melts and crystals co-exist and their respective volume fractions
depend on the temperature and their evolutions are described
by the existing theory of crystallization. As the model is
primarily focusing on the shape xing mechanism, we do not
seek a rigorous micromechanical description. In addition, the
thermal expansion is not introduced for this 1D model,
although it can be easily included.28
For the TSPC system, the simplest model arranges stresses
on the matrix and the ber network in parallel (as shown in
Fig. 4) and the total Cauchy stress stotal is given by:
stotal ¼ vMsM + vFsF,

(1a)

where sM and sF are the stresses acting on the matrix and the
ber network, vM and vF are the volume fractions of the matrix
Soft Matter, 2013, 9, 2212–2223 | 2215
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3.2

Viscoelastic behavior of the matrix

For the matrix, the modied SLS model is used to consider both
equilibrium and nonequilibrium viscoelastic behaviors. The
total stress on the matrix consists of contributions from both
equilibrium and nonequilibrium behaviors:
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sM(T,t) ¼ seq(T) + snon(T,t).

(2)

The Cauchy stress from the equilibrium response seq(T)
follows the neo-Hookean model with entropic elasticity:
Fig. 4 Schematic of the overall model: the total Cauchy stress consists of stresses
on the matrix (red dashed box, left) and stress on the ﬁber network (blue dashed
box, right). For the stress on the matrix, a modiﬁed Standard Linear Solid (SLS)
model is adopted to consider the equilibrium and nonequilibrium behaviors of the
matrix. The multiple springs of the ﬁber network model represent ﬁber crystals
formed at diﬀerent times. During crystallization, once a small piece of crystalline
phase forms, the corresponding switch turns on. The crystalline phases forming at
diﬀerent times may have diﬀerent deformation history. During melting, the crystalline phases vanish gradually. Once a small piece of crystalline phase vanishes,
the corresponding switch turns oﬀ and it does not carry load any more.

and the ber network, which are determined by fabrication and
vM + vF ¼ 1.
In reality, the stress distribution in the phases depends on
details of the microstructure, including the geometry, and
architecture of the spatial arrangement of the phases, and the
evolution of their properties. We attempt to account for the
departure of stress distribution among the phases by borrowing
the concept of a stress concentration factor from the micromechanics of heterogeneous solids in linear and nonlinear
elasticity.45–47 Introducing stress concentration factors for the
matrix and the ber network, the total Cauchy stress stotal is
written as:
stotal ¼ gMvMsM + gFvFsF,

(1b)

where gM and gF are stress concentration factors of the matrix
and the ber network and gMvM + gFvF ¼ 1.
Fig. 4 shows a rheological representation of the model. The
le red dashed box represents the stress acting on the matrix. A
modied Standard Linear Solid (SLS) model is adopted to
consider both equilibrium and nonequilibrium behaviors of the
matrix. Here, a spring is used to represent the equilibrium
behavior and a KWW (Kohlrausch, Williams and Watts)
stretched exponential function for stress relaxation is used to
represent the nonequilibrium viscoelastic response.48 The right
blue dashed box represents the mechanical elements for the
ber network behavior. During crystallization, ber crystals
gradually form. Once a small piece of crystalline phase forms,
the corresponding switch in Fig. 4 turns on. Depending on the
thermomechanical conditions, the crystalline phases forming at
diﬀerent times may have diﬀerent deformation history. During
melting, the crystalline phases vanish gradually. According to
the kinetic description of the melting process, the piece of
crystalline phase that grows at a later time melts rst.28 Once a
small piece of crystalline phase vanishes, the corresponding
switch in Fig. 4 turns oﬀ and it does not carry load any more.
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seq(T) ¼ NkT(l2  1/l),

(3)

where N is the crosslink density of the matrix, k is Boltzmann's
constant, T is the absolute temperature and l is the stretch
along the uniaxial load. l ¼ 1 + 3 and 3 is the strain. For the
nonequilibrium response, the stress should be:
snon(t) ¼ Enon3e(t),

(4)

where Enon is the Young's Modulus and 3e is the elastic strain of
the nonequilibrium branch. Using the KWW stretched exponential and Boltzmann superposition principle, 3e can be:25
2 0t
1b 3
ð
0
v3
dt
A 5ds;
exp4  @
3e ðtÞ ¼
vs
sðT; t0 Þ
ðt

(5)

s

0

where 3 is the total strain in the nonequilibrium 3 ¼ 3e + 3v, 3v is
the viscous strain, s(T) is the temperature dependent stress
relaxation time. b is a material parameter within a range
between 0 and 1 characterizing the width of the stress relaxation
distribution, i.e. a decrease of b leads to an increase of the stress
relaxation breadth. Once b reaches 1, it is the narrowest stress
relaxation time distribution and the nonequilibrium branch is
reduced to the original Maxwell model. The temperature
dependent stress relaxation time s(T) is obtained using a
shiing factor aT:
s(T) ¼ aTs0,

(6)

where s0 is the stress relaxation time at a reference temperature.
It was found that depending on whether the temperature is
above and near or below Tg, the shiing factor aT can be
calculated by two diﬀerent methods.49 For temperatures above
and near Tg, the WLF (Williams–Landel–Ferry) equation50 is
used:
log aT ¼ 

C1 ðT  Tr Þ
;
C2 þ ðT  Tr Þ

(7)

where C1 and C2 are material constants, and Tr is a reference
temperature. For temperatures below Tg, an Arrhenius-type
behavior developed by Di Marzio and Yang (1997)51 is used:
ln aT ¼ 



AFC 1
1
;

k
T Tr

(8)

where A is the material constant, Fc is the conguration energy
and k is Boltzmann's constant.
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Mechanical behavior of the ber network

For the semicrystalline ber network, crystallization and
melting are functions of temperature and time. We adopt the
postulation that when a small fraction of polymer crystals
forms, it is in a stress-free state.29,30 However, in order to satisfy
the boundary conditions, either overall or locally, this small
fraction will deform immediately. This stress-free state for the
newly formed crystalline phases was referred to as the natural
conguration by Rajagopal and Srinivasa,52,53 and has been used
by many researchers to study crystallizing polymers,54–57 rubbers
with thermally induced scissoring and reformation,58–61 shape
memory polymers,42,62,63 and light induced activated polymers.13
Following this assumption, the stress in the ber networks is:29
ðt

 FC

_
l ðt  sÞ ds;
s ¼ vðsÞs
F

FC

(9)

tc

where tc is the time point when crystallization starts, lFC(t  s) is
the stretch of the ber crystals formed at t ¼ s and v(s) is the
crystallinity of crystalline phases, which is a function of time
and temperature and is discussed below; sFC is the stress
function for ber crystals. For the sake of simplicity, it is simply
assumed that the stress on ber crystals follows neo-Hookean
behavior and the Cauchy stress is:
sFC ¼ mC(l2  1/l),

(10)

where mC is the shear modulus of ber crystals. The incremental
description for stress on the ber network during crystallization
and melting was reported.28
To describe crystallization kinetics,64–66 a simplied Avrami's
phase transition theory is used. In polymer crystallization, the
time–temperature dependent crystallinity of the polymer, v(T,t),
can be expressed as:28
v(T,t) ¼ HN{1  exp[V(T,t)]},

(11)

where HN is the saturated crystallinity of a polymer under a
certain condition; for PCL network HN is taken as 25%28 and
V(T,t) is the volume fraction of crystalline phases without
impingement. The calculation of V(T,t) during crystallization or
melting was discussed in Ge et al.28
3.4

Strain energies

Strain energies on the matrix and the ber network were used to
investigate the shape xing mechanism. For the equilibrium
branch of the matrix and individual ber crystals, as both of
them adopt the neo-Hookean constitution, the strain energy on
the equilibrium branch of the matrix and individual ber
crystals is:
W ¼ m(I1  3),

(12)

where m is the shear modulus and equal to NkT for the matrix
and equal to mC for ber crystals; I1 is the rst deformation
invariant, for the uniaxial loading case, I1 ¼ l2 + 2/l. The “”
sign is used to distinguish tensile (+) or compressive ()
loading. For the strain energy of the ber crystals, it follows:
This journal is ª The Royal Society of Chemistry 2013

_
W ¼ vðsÞW
ðt  sÞds:
F

(13)

tc

For the nonequilibrium branch of the matrix, the strain
energy is given as follows:
1
W ¼  Enon 3e 2 ;
2

(14)

where Enon is the Young's Modulus and 3e is the elastic strain of
the nonequilibrium branch introduced in eqn (5).

4

Results

4.1

Parameter identication

In the model, there are 13 parameters in total (see Table 1).
Except the volume fractions which are determined by fabrication (vM ¼ 0.82 and vF ¼ 0.18), rest of them were determined by
uniaxial tension and stress relaxation experiments. Specically,
uniaxial tension tests were used to determine the crosslinking
density N of the matrix (epoxy), shear modulus of ber crystals
(PCL), and stress concentration factors gM and gF. Stress
relaxation tests were used to identify the relaxation time s0 at
16  C, KWW stretching parameter b, the Young's modulus for
nonequilibrium branch Enon, and constants in WLF equation
and Arrhenius behavior.
Fig. 5 shows the results from uniaxial tensile experiments of
both the neat epoxy and TSPC at 80  C (Fig. 5a) and at 40  C
(Fig. 5b). By tting the experimental curve for the neat epoxy
at 80  C, the crosslinking density N was identied as 3.84 
1023 m3. For the TSPC at 80  C, as the ber network melts,
sF ¼ 0. Therefore, the total stress is:
stotal ¼ gMvMNkT(l2  1/l).

(15)

By tting the TSPC curve at 80  C (Fig. 5a), we obtained gM ¼
0.57 and gF ¼ 2.94. For the TSPC at 40  C, as the crystallization
of PCL nishes before the test, the Cauchy stress follows:
stotal ¼ gMvMNkT(l2  1/l) + gFvFHNmC(l2  1/l).

(16)

In eqn (16), only the shear modulus mC for PCL crystals is
unknown and can be determined easily by tting the uniaxial
tension for TSPC at 40  C. Fig. 5b shows the tting result with
mC ¼ 9.2 MPa.
Based on the time–temperature superposition principle, a
relaxation master curve at 16  C (Fig. 6a) can be achieved by
shiing individual relaxation curves with shiing factors at
diﬀerent temperatures.43,44 The relaxation master curve can be
described by a modied standard linear solid model with the
KWW stretch exponential, where the stress relaxation modulus
should be:
  b 
t
:
(17)
EðtÞ ¼ E0 þ E1 exp 
s0
In eqn (17), at time t ¼ 0, E(0) ¼ E0 + E1 and when t
approaches N, E(N) ¼ E0. From Fig. 6a, we have E0 ¼ 8 MPa
Soft Matter, 2013, 9, 2212–2223 | 2217
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Table 1

List of material parameters

Parameters Value
Composition
vM
0.82
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vF

0.18

gM

0.57

gF

2.94

Description

Volume fraction of the matrix
(epoxy)
Volume fraction of the ber network
(PCL)
Stress concentration factor of the
matrix (epoxy)
Stress concentration factor of the ber
network (PCL)

Epoxy matrix
N
3.84  1023 m3 Polymer crosslinking density
Enon
3150 MPa
Young's modulus for the
nonequilibrium branch
s0
110 s
Relaxation time at 0  C
b
0.3
KWW stretching parameter
16  C
Reference temperature
Tr
C1
24
WLF constant
C2
50  C
WLF constant
AF/k
35 000 K
Pre-exponential parameter for
Arrhenius-type behavior
PCL ber network
mC
9.2 MPa

Shear modulus for PCL crystals

Fig. 5 Model ﬁtting for uniaxial loadings. (a) At 80  C and (b) at 40  C. (Blue
circles represent the model ﬁtting for the neat epoxy; red triangles represent the
model ﬁtting for the TSPC.)

(E(N)) and E1 ¼ 1480 MPa (E(0)  E0). By considering the
volume fraction and the stress concentration factor of the
matrix, the Young's modulus of the nonequilibrium branch is
Enon ¼ E1/(gMvM) and therefore Enon ¼ 3150 MPa. Using eqn (17)
to t the stress relaxation master curve at 16  C, parameters s0
and b are determined as 110 s and 0.3, respectively. As introduced in Section 3, the shiing factors as functions of
temperature can be described by WLF and Arrhenius equations
at diﬀerent temperature ranges. By tting shiing factors with
these two equations (Fig. 6b), parameters in eqn (7) and (8) are
determined as C1 ¼ 24, C2 ¼ 50  C, Tr ¼ 16  C and AFc/k ¼
35 000 K.
4.2 Comparison between model simulations and
experiments
Using parameters in Table 1, the model successfully predicts
the triple-shape memory behavior under three diﬀerent
nominal stress pairs (P1 ¼ 0.1 MPa, P2 ¼ 0.3 MPa; P1 ¼ 0.15
MPa, P2 ¼ 0.45 MPa; P1 ¼ 0.2 MPa, P2 ¼ 0.6 MPa) (Fig. 7). It
should be noted that these curves were not used for parameter
identication. In Fig. 7, the model predictions show good
agreement with experiments. The largest discrepancy occurs in
S4 unloading to achieve the rst temporary shape and in S8
heating back to 40  C to recover to the rst temporary shape.
Compared to the rst temporary shape xed in the experiments,
a less temporary shape is xed in predictions. We attribute this
error primarily to the nonlinear deformation for the TSPC at
40  C (Fig. 5b), which the neo-Hookean model for PCL crystals is
unable to satisfactorily represent. At S8, the predictions reach
the rst temporary shape earlier than experiments, which is
caused by the faster relaxation modulus in the model tting
(Fig. 6a).
The model also predicted the one-step-xing shape memory
behavior introduced in Section 2.4 with the 0.2 MPa imposed
stress case (Fig. 8). Briey, following high temperature deformation, then direct cooling to 0  C and subsequent unloading,
almost 100% strain was xed. During continuous heating,
recovery is interrupted as the strain reaches a plateau between
PCL
Tepoxy
and TPCL
is surpassed. In
g
m , and then completes as Tm
Fig. 8, the model prediction shows good agreement with the
experiment, indicating that the essential physics are captured.
4.3 Stress and strain energy analyses for the triple-shape
memory behavior

Fig. 6 Model ﬁtting for stress relaxation. (a) The stress relaxation master curve at
16  C. (b) The shifting factors with temperature.
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In order to better understand the mechanism of xing temporary shapes, stress and strain energy analyses for the t-SME
under the 0.15–0.45 MPa stress pair were investigated. Fig. 9a
provides the thermomechanical loading history. Fig. 9b shows
the variation of the strain as a function of time. In Fig. 9c and e,
the total stress is divided into the stress acting on the matrix
and the stress acting on the ber network. At S1, all stress comes
from the matrix since the ber network (PCL) is in the melt
state. In addition, because the matrix is in its rubbery state, the
stress on the matrix mainly comes from the equilibrium branch;
the stress on the nonequilibrium branch is almost zero due to
the large viscous strain developed, indicating that the
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Fig. 7 Model predictions for triple shape memory behaviors under three diﬀerent nominal stress pairs. (a) P1 ¼ 0.1 MPa, P2 ¼ 0.3 MPa. (b) P1 ¼ 0.15 MPa, P2 ¼ 0.45
MPa. (c) P1 ¼ 0.2 MPa, P2 ¼ 0.6 MPa.

Fig. 8 Comparisons between model prediction and experimental result for the
one-step-ﬁxing shape memory behavior.

nonequilibrium branch is active for the subsequent shape
memory eﬀect. At S2 and S3, although crystals in the ber
network formed gradually, stress contribution from the
ber network is negligible due to small deformations on ber
This journal is ª The Royal Society of Chemistry 2013

crystals. At S4, aer a quick unloading, the strain contracts
50% (in S4 in Fig. 9b), which leads to a decrease of stress on
the equilibrium branch of the matrix and the introduction of a
compressive stress on the ber network. Thus, the overall force
balance is achieved and the total stress is zero. It is clear that the
compressive stress on the ber network prevents the matrix
from returning to its stress-free (or initial) state. At S5 (the
second loading), stresses on the matrix and the ber network
increase. At S6 (second cooling with holding a constant stress),
stresses on the matrix and the ber network stay constant. At S7
(unloading), stresses on the ber network and on the equilibrium branch decrease slightly, but the stress on the nonequilibrium branch of the matrix changes quickly to a negative
value, thus to prevent the material from recovery and maintain
the force balance. At S8, during heating, viscosity on the
nonequilibrium branch decreases, causing the decrease of
the compressive stress on this branch. When the stress on the
nonequilibrium branch decreases to zero, the material recovers
to the rst temporary shape and the stresses on the equilibrium
branch and the ber network return to the same values in S4. As
the temperature is further increased to above the melting
temperature, the stress on the ber network starts to decrease;

Soft Matter, 2013, 9, 2212–2223 | 2219
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Fig. 9 Stress and strain analyses for the triple-shape memory behavior: (a) the thermomechanical loading history (stress and temperature vs. time). (b) Experimental
output (strain). The total stress can be divided into the stress on the matrix (c) and the stress on the ﬁber network (e). The stress on the matrix (c) can be further divided
into the one on the equilibrium branch (“E”) and the one on the nonequilibrium branch (“N”). (d) The strain energy on the matrix, which can be divided into the one on
the equilibrium branch (“E”) and the one on the nonequilibrium branch (“N”). (f) The strain energy on the ﬁber network. In (d) and (f), the strain energy is taken as
negative if the deformation is compressive.

when ber crystals completely melt, the material recovers to its
initial shape.
Fig. 9d and f show the variation of strain energy in the
material. Comparing Fig. 9d and f, in S1, S2 and S3, the strain
energy on the ber network is nearly zero and most strain energy
is from the equilibrium branch of the matrix. Aer the rst
unloading in S4, the strain energy on the equilibrium branch of
the matrix drops and the strain energy on the ber network is
instantaneously generated to a negative value (due to compression). The energy release from the matrix is stored in the ber
crystals and a strain energy loss of 3 kJ m3 (corresponding to
a 30% loss) is observed. At S5 (loading at 40  C), the strain
energies on both the matrix and the ber network increase. At S6
(cooling to 0  C), the strain energy on the matrix decreases
slightly, but that on the ber network remains nearly constant.
Upon unloading in S7, the strain energies on the equilibrium
branch and the ber network change slightly by transferring the
energy to the nonequilibrium branch in the form of compressive
energy (0.2 kJ m3). During heating in S8, the strain energies

stored on both the ber network and the matrix decreases, and
the strain energy on the nonequilibrium branch returns to zero
when the material returns to the rst temporary shape. Further
heating the material to above its melting temperature, the
energies stored on the ber network and equilibrium branch
decrease to zero and the material recovers to its permanent
shape. It is also noted that since ber crystals have a higher
modulus than the equilibrium branch, the energy stored in the
second temporary shape is much higher than that stored in the
rst temporary shape. For the material studied here, the energy
stored in the second temporary shape is 42.6 kJ m3, which is
430% higher than that in the rst temporary shape (8 kJ m3).

4.4 Stress and strain energy analyses for the one-step-xing
shape memory behavior
Similarly to the triple-shape memory behavior, stress and strain
energy analyses were investigated for the one-step-xing shape
memory behavior. Fig. 10a provides the thermomechanical

Fig. 10 Stress and strain analyses for the one-step-ﬁxing shape memory behavior: (a) the thermomechanical loading history (stress and temperature vs. time). (b)
Experimental output (strain). The total stress can be divided into the stress on the matrix (c) and the stress on ﬁber networks (e). The stress on the matrix (c) can be
divided into the one on the equilibrium branch (“E”) and the one on the nonequilibrium branch (“N”). (d) The strain energy on the matrix, which can be divided into the
one on the equilibrium branch (“E”) and the one on the nonequilibrium branch (“N”). (f) The strain energy on the ﬁber networks.

2220 | Soft Matter, 2013, 9, 2212–2223
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loading history. Fig. 10b shows the variation of the strain as a
function of time. In Fig. 10c and e, the total stress is divided into
the stress acting on the matrix and the stress acting on the ber
network. During the loading step, all stress comes from the
matrix since the ber network (PCL) is in the melt state. In
addition, because the matrix is in its rubbery state, the stress on
the matrix mainly comes from the equilibrium branch; the
stress in the nonequilibrium branch is almost zero due to the
large viscous strain developed, indicating that the nonequilibrium branch is active for the subsequent shape memory eﬀect.
In the cooling step, although crystals in the ber network
formed gradually, stress contribution from the ber network is
negligible due to small deformations on the ber network.
During unloading, stresses on the ber network and on the
equilibrium branch decrease slightly, but the stress on the
nonequilibrium branch of the matrix changes quickly to a
negative value, thus to prevent the material from recovery and
maintain the force balance. During heating from 0  C to 40  C,
the viscosity on the nonequilibrium branch decreases, causing
the decrease of the compressive stress on this branch. When the
stress on the nonequilibrium branch decreases to zero, the
material arrives at a strain plateau from 40  C to 60  C
(Fig. 10b) and the compressive stress on the ber network
maintains the force balance, which indicates that part of the
strain is xed by compressing the ber crystals. As the temperature is further increased to exceed the melting temperature, the
stress on the ber network starts to decrease; when ber crystals
completely melt, the material recovers to its initial shape.

5

Conclusion

Triple-shape memory behaviors of TSPC were investigated in
this paper. A 1D model was presented to describe the tripeshape memory behaviors. The model separately considers the
glass transition and melt–crystal transition. This separate
treatment allows the material parameters used in the model to
be independently identied from experiments. With parameters identied from stress relaxation tests and uniaxial
isothermal tension tests, the model is able to predict the tripleshape memory behaviors and the one-step-xing shape memory
behavior. The stress and strain energy analyses from the model
revealed clearly the shape xing mechanisms for TSPC. For the
triple-shape memory behavior, the rst temporary shape is xed
by ber crystals and the second temporary shape is xed by the
nonequilibrium branch. For the one-step-xing shape memory
behavior, the temporary shape is rstly xed by the nonequilibrium branch at low temperature as the matrix is in the glassy
state. During heating, when the matrix transfers gradually from
the glassy state to the rubbery state, the ber network becomes
deformed to x a part of the temporary shape, which gives way
to complete recovery upon further heating.
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