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Design considerations for shape memory
polymer composites with magnetic
particles
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Abstract

Recent experimental investigations demonstrated that by incorporating magnetic particles into shape memory polymer

matrices, a fast and remote heating of materials and shape recovery could be achieved by exposing the shape memory

polymer composite to an electromagnetic field. The particles served as internal mini-antennas to transform the elec-

tromagnetic energy to inductive Joule heat, and subsequently to initiate the recovery of shape memory polymers (SMPs).

In this paper, a three-dimensional computational study was carried out to study the coupling between heat transfer from

spherically shaped particles and heat-induced shape recovery of SMP composites. The influence of particle size, particle

volume fraction, particle heating temperature and rate to the magnetically induced shape recovery behavior was studied.

The results in this paper provided a meaningful guidance for further designs and applications of the magnetic particles

reinforced shape memory polymer composites.
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Introduction

Shape memory effects of shape memory polymers
(SMPs) refer to the process of polymers recovering
their permanent shapes in the presence of an external
stimulus,1 such as temperatures,2–8 light9–14 and mois-
ture.15,16 As an emerging class of adaptive polymers,
SMPs have gained extensive research interests lately
due to their excellent properties, such as high recover-
able strain (up to 400%),17 low density, low cost, easy
shape programming procedure and easy control of
recovery temperature, for potential applications in
actuators or sensors with remarkable advantages.18–22

By far, various actuation methods of SMPs have
been developed based on the diverse stimuli to which
SMPs are responsive. Temperatures are generally con-
sidered as the most commonly used stimulus. When an
SMP is exposed to a high-temperature environment,
only the SMP surface is heated. Thermal energy has
to be transferred to the inside of the material by ther-
mal conduction. Heating efficiency becomes low as the
dimension of SMP components becomes large. One
approach to improve heating efficiency is to use internal

Joule heating indirectly generated by some actuation
methods. For example, it has been demonstrated
recently electrically induced heating effect along the
conductive pathways inside the SMPs23–25 can improve
the heating efficiency significantly. However, the intrin-
sic drawback of this approach is that a direct contact to
the material (e.g., electrodes) is necessary, which may
restrict their further applications in the environments
(such as biomedical, aerospace etc.) where non-contact
and distant actuation of SMPs is required.26

Recently, efforts have been made to improve the
shape recovery rate of SMPs by using magnetic par-
ticles.27–31 Magnetic particles in nanometer size or
micrometer size have been embedded into SMPs to
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achieve a fast and remote heating of the SMPs after
being exposed to an electromagnetic field. The particles
serve as internal mini-antennas to transform the elec-
tromagnetic energy to Joule heat through magnetic
field-induced inductive heating of magnetic particles.31

This approach offers some important advantages for
shape recovery of SMPs. For example, heating the
material could be achieved remotely. The heating rate
could also be significantly increased, leading to a fast
actuation. In addition, the inclusions of particles allow
for medical imaging techniques, such as fluoroscopy or
computed tomography scans, to detect the implanted
device without additional surgeries for proper device
placement and function.27,32

Previously, we have developed a multi-branched
thermomechanical constitutive model for SMP and
applied this model to quantitatively analyze the com-
plex relaxation process of thermally responsive SMPs.33

To capture the fundamentally different polymer relax-
ation modes, the constitutive model utilizes two distinct
sets of nonequilibrium branches: a glassy branch repre-
senting the glassy mode of relaxation, and several rub-
bery branches representing the Rouse modes in the
rubbery state. Different from the conventionally gener-
alized Maxwell model, rubbery branches are not inde-
pendent and therefore the required number of material
parameters in the model is significantly reduced. This
model was applied to study the shape recovery behavior
of SMP composites with magnetic particles under a
two-dimensional (2D) setting. In this paper, we
expanded our previous analysis into a 3D one to under-
stand the thermomechanical characteristics of magnetic
particle-reinforced SMP composites by using the finite
element simulations. We studied the influence of par-
ticle size, particle volume fraction, particle heating tem-
perature and rate to the magnetically induced shape
recovery behavior. Some considerations that should
be followed in designing magnetic particles reinforced
SMP composites were also discussed. The parametric
studies in this paper would serve as theoretical founda-
tions for further designs and applications of the mag-
netic particles-reinforced SMP composites.

Constitutive model

In this section, we present briefly the constitutive model
for capturing the thermomechanical and shape memory
behaviors of SMPs. More details of this model can be
found in Westbrook et al.33 It should be mentioned that
this constitutive model is for the purpose of capturing
the complicated thermomechanical behaviors of an
SMP under various loading conditions, such as the
nonequilibrium volume change, yielding behavior,
post-yielding softening behavior and non-Gaussian
hyperplastic equilibrium behavior of the polymer

material. However, for the problem studied in this
paper, not all the parameters are equally important
and therefore some portions of the model can be neg-
lected. Discussions on the importance of individual
modeling components to the shape memory behavior
are beyond the scope of this paper and will be reported
in the future.

Overall model description

Figure 1 shows a one-dimensional rheological represen-
tation of the model. A thermal expansion component is
arranged in series with mechanical elements, which con-
sist of an equilibrium branch and several nonequili-
brium branches placed in parallel. The equilibrium
branch is a hyperelastic spring to represent the equilib-
rium behavior of SMPs. Each nonequilibrium branch is
a nonlinear Maxwell element with an elastic spring and
a dashpot placed in series. In the nonequilibrium
branches, one is used to represent the relaxation behav-
ior of the glassy mode, which describes the structural or
segmental relaxation of polymers. The remaining
branches are used to represent the relaxation processes
in the rubbery state. �g represents the relaxation time of
the glassy branch and �i represents the relaxation time
in the i-th rubbery branch.

As demonstrated by Holzapfel,34 the total deform-
ation gradient of the model F can be decomposed as:

F ¼ FMFT, ð1Þ

where FM is the mechanical deformation gradient and
gives rise to stresses. FT is the thermal deformation gra-
dient. The total Cauchy stress p is

p ¼ peq þ pg þ
Xm
i¼1

pir, ð2Þ

where peq, pg and pir are the Cauchy stresses in the
equilibrium branch, the glassy branch and in the i-th
rubbery branch, respectively.

Thermal expansion

The thermal expansion is assumed to be isotropic, i.e.

FT ¼ JTI, ð3Þ

where I is the second-order identity tensor. JT is the
volume change due to thermal expansion/contraction
and is defined as

JT ¼
V T, tð Þ

V0
, ð4Þ

where V T, tð Þ is the volume at time t and temperature T.
V0 is the reference volume at the reference
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temperature T0. For amorphous polymers, the volume
change JT is

JT ¼ 1þ 3�r T� T0ð Þ½ � 1þ �ð Þ, ð5Þ

where �r is the linear coefficient of thermal expansion
(CTE) in the rubbery state and � characterizes the devi-
ation of volume from equilibrium volume35–37 and

� ¼
V T, tð Þ

Veq Tð Þ
� 1, ð6Þ

where Veq Tð Þ is equilibrium volume and is calculated as

Veq Tð Þ ¼ 1þ 3�r T� T0ð Þ½ �V0, ð7Þ

� is calculated by the well-known KAHR 33-para-
meter38 (described in Appendix A).

Equilibrium branch

The Cauchy stress tensor in the equilibrium branch uses
Arruda-Boyce eight chain model,39 i.e.

peq ¼
nkBT

3JM

ffiffiffiffi
N
p

�chain
L �1

�chainffiffiffiffi
N
p

� �
B
0
þ K JM � 1ð ÞI, ð8Þ

where n is the cross-linking density, kB is Boltzmann’s
constant, T is the temperature and N is the number of
Kuhn segments between two cross-link sites (and/or
strong physical entanglements). The temperature-
dependent shear modulus �r Tð Þ of the elastomer
(which is an indication of entropic elasticity) is given
by nkBT, where n is the cross-linking density and kB is
the Boltzmann constant. K is the bulk modulus and is

typically two to three orders of magnitudes larger than
�r to ensure material incompressibility. The deviatoric
part of the isochoric left Cauchy-Green tensor is given
by B

0
¼ B� 1=3tr B

� �
I where B ¼ FMFM

T
and

FM ¼ J�1=3M FM. The stretch of each chain in the

eight-chain network is given by �chain ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
trð �BÞ=3

p
and

L is the Langevin function defined as
L �ð Þ ¼ coth �� 1=�:

Nonequilibrium branches

It is assumed that the viscoelastic behaviors in all none-
quilibrium branches follow the same flow rules but with
different relaxation times. For the i-th branch
(i ¼ 1, . . . ,mþ 1 and i ¼ mþ 1 represents the glassy
branch), the mechanical deformation gradient can be
further decomposed into an elastic part and a viscous
part

Fi
M ¼ Fi

eF
i
v: ð9Þ

The Cauchy stress can be calculated using Fi
e,

pi ¼
1

Jie
Li
e Tð Þ : E

i
e

� �
, ð10aÞ

with

Jie ¼ det Fi
e

� �
, Ei

e ¼ lnVi
e, V

i
e ¼ Fi

eR
i
eT, ð10bÞ

and Li
e Tð Þ is the fourth order isotropic elasticity tensor,

which is taken to be temperature-independent in gen-
eral, i.e.

Li
e Tð Þ ¼ 2Gi

I�
1

3
I� I

� �
þ KiI� I, ð11Þ

Figure 1. 1D rheological representation of the proposed model.
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where I is the fourth order identity tensor, Gi and Ki are
shear and bulk moduli of the i-th branch, respectively.

For the rubbery nonequilibrium branches, it is
assumed that all the rubbery branches have the same
shear modulus, i.e.

Gi Tð Þ ¼ nRkBT for 1 � i � m, ð12Þ

where nR is the cross-linking density for the nonequili-
brium rubbery branches associated with the Rouse
modes.40 Since the bulk modulus is used to enforce a
nearly incompressible condition, Ki Tð Þ is chosen to be
equal to K in the equilibrium branch (equation (8)).

For the glassy nonequilibrium branch i ¼ mþ 1ð Þ,
the shear modulus is taken to be independent of tem-
perature, i.e.

Gmþ1 Tð Þ ¼ �g, ð13aÞ

and Kmþ1 Tð Þ is calculated through Gmþ1 Tð Þ using the
Poisson ratio vmþ1 ¼ vg,

Kmþ1 Tð Þ ¼
2ð1þ vgÞ

3 1� 2vg
� ��g, ð13bÞ

To obtain Fi
v in equation (9), the flow rule in the

Maxwell element should be defined. Typically for
inelastic materials,34 the Mandel stress is used to drive
the viscous flow. In each nonequilibrium branch
1 � i � mþ 1ð Þ, the Mandel stress is given by

Mi ¼ JieC
i
e Fi

e

� ��1
pi Fi

e

� ��T
ð14Þ

where Ci
e ¼ FiT

e Fi
e is the right Cauchy-Green deform-

ation tensor. The viscous flow _� iv is given by

_� iv ¼
Mi

Gi Tð Þ�iM T,Mi
	 
 , ð15Þ

where the equivalent shear stress is defined as

Mi ¼
1

2
Mi
� �0

: Mi
� �0� �1=2

, ð16Þ

where Mi
� �0

¼Mi � 1=3tr Mi
� �

I. In equation (15), the
temperature and stress-dependent material stress relax-
ation time �iM T,Mi

	 

will be discussed in the next sec-

tion. The viscous stretch rate Di
v is constitutively

prescribed to be

Di
v ¼

_� ivffiffiffi
2
p

Mi
Mi: ð17Þ

As discussed previously in Boyce et al,41 Di
v can be

made equal to the viscous spatial velocity gradient
l iv ¼

_F
i

v Fi
v

� ��1
by ignoring the spin rate Wi

v and
therefore

_F
i

v ¼ Di
vF

i
v: ð18Þ

Relaxation time and time–temperature shift factor

According to the thermorheological simplicity
principle,40

�iM Tð Þ ¼ �i0aT Tð Þ for i ¼ 1, . . . , mþ 1, ð19Þ

where aT Tð Þ is the time-temperature superposition shift
factor and �i0 is the relaxation time at the reference
temperature when aT Tð Þ ¼ 1. At temperatures around
or above Tg, the WLF equation42 is applied,

log aT ¼ �
C1 T� TMð Þ

C2 þ T� TMð Þ
; ð20aÞ

where C1 and C2 are material constants and TM is the
WLF reference temperature. When the temperature
is below Tg, �TðT Þ follows the Arrhenius-Type
behavior43:

ln�TðTÞ ¼ �
AFc

kb

1

T
�

1

Tg

� �
, ð20bÞ

where A and Fc are material constants, kb is Boltzman’s
constant.

For the glassy branch i ¼ mþ 1ð Þ, the imposed stress
also changes the relaxation time because of stress-
induced yield-type behavior. The relaxation time can
be evaluated by an Eyring type of function,44 i.e.

�mþ1M T,Mmþ1
	 


¼ �mþ10 aT Tð Þ exp �
�G

kBT

Mmþ1

s

 !
,

ð21Þ

where �mþ10 ¼ �g0 is the material relaxation time at the
temperature when aT Tð Þ ¼ 1, �G is the activation
energy and s is the athermal shear strength representing
the resistance to the viscoplastic shear deformation in
the material.

For the rubbery branches i ¼ 1, . . . , mð Þ, the relax-
ation behavior could be modeled by the Rouse model
where the macromolecular chain is divided into several
entropic segments. The relaxation times associated with
these Rouse modes are given by,40

�i0 ¼
�R
i2

for i ¼ 1, . . . , m: ð22Þ
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Finite element modeling

The above-described constitutive model was imple-
mented as a user material subroutine (UMAT) in the
finite element software package ABAQUS (Simulia,
Providence, RI). To model the magnetic particle rein-
forced SMP, we assumed that the magnetic particles of
spherical shape are uniformly distributed within the
SMP matrix (Since we assume that the magnetic par-
ticles of spherical shape are uniformly distributed in the
matrix, the representative volume element (RVE) pre-
dicts the average behaviors of the real composites. Any
structure parameters in the real material that deviate
from their average values will cause RVE deviate
from real material behaviors. If a large deviation
exists, one would consider a large size RVE where
more structure information can be included. For exam-
ple, if the particle sizes show a large standard deviation,
one may consider an RVE with a few particles of dif-
ferent sizes. This, of course, will inevitably increase the
computational expense.). An RVE was then con-
structed in a 3D setting as shown in Figure 2(a),
where d is the diameter of the filler and 2 a is the
RVE edge length as shown. For the convenience for
the following discussions, point A is marked on the
3D RVE at one of the farthest points from the magnetic
particle heating surface.

The magnetic particles volume fraction 	3D can be
derived according to the RVE geometry as

	3D ¼

d3

48a3
: ð23Þ

In the following parametric studies, the magnetic
particle diameter was varied over a few decades, and
the corresponding RVE size under a specified par-
ticle volume fraction was calculated according to
equation (23).

Due to the symmetry of the 3D RVE, it was there-
fore feasible to analyze only one eighth of the RVE with
proper thermal and mechanical boundary conditions
applied on the sectional surfaces. A representative
finite element mesh for the 3D RVE is shown in
Figure 2(b) for a 1% volume fraction and a filler diam-
eter of 400 mm.

The finite deformation analysis of the 3D RVE was
coupled with heat transfer by using the coupled heat-dis-
placement analysis in ABAQUS. For the SMP matrix,
the C3D8HT elements were used for analysis, which is
featuring with eight-node thermally coupled brick, tri-
linear displacement and temperature analysis, and
hybrid with constant pressure element. Following
Westbrook et al.,45 for the acrylate-based SMP, it has a
heat capacity, density and conductivity of 640 J/(kg�C),
1050kg/m3 and 0.15W/(m�C), respectively. For the rest
material parameters defined in the constitutive relations,

they were fitted with experiments on the acrylate-based
SMP, as detailed inWestbrook et al.33 The fittedmaterial
parameters of SMP are described and listed in Table 1. It
should be noted that although the specific values pre-
sented in the results depend on the model material par-
ameters in Table 1, the general trend observed in Results
Section should be applicable to most amorphous SMPs.

Since the magnetic particle is usually a ceramic
material, which has a much higher modulus than the
SMP, it was considered as a rigid partial spherical sur-
face in the model. The particle heating effect was then
represented by the temperature boundary condition on
this rigid surface. The thermomechanical history of the
SMP composite was similar as previously used46,47 and
is shown in Figure 3. The 3D RVE was initially pre-
heated to the programming temperature Td, and com-
pressed by a rigid plate to a target strain at a specified
loading rate. The contact property between the 3D

Figure 2. (a) The 3D representative volume element (RVE) for

a magnetic particles reinforced shape memory polymer (SMP)

composite. Point A represents one of the farthest points from

the magnetic particle heating surface on the 3D RVE. (b) Finite

element model mesh for the 3D RVE for a filler volume fraction

of 1% and a filler diameter of 400 mm.
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RVE and the plate was simplified as frictionless and
hard contact. It was then held to relax before the tem-
perature was lowered to the shape fixing temperature
TL at a specified cooling rate. Once the fixing tempera-
ture was reached, the RVE was held to stabilize at the
low temperature. The rigid plate was then removed. In
the free recovery process, the shape (or strain) recovery
was induced under the action of magnetic particle heat-
ing effect. Since the focus of this paper is the recovery
behavior of SMP, we neglected the details on how

magnetic energy was converted to thermal energy and
assumed that magnetic particle can be heated with a
prescribed temperature-time profile. For the thermal
boundary conditions, all the surfaces were applied
with an adiabatic boundary condition except the spher-
ical surface representing the rigid magnetic particle.
During the pre-heating and cooling processes of the
3D RVE, all the nodal temperatures in the model
were prescribed. During heating, only the partial spher-
ical surface was heated to mimic the rise of temperature
of magnetic particles due to magnetic field. In the fol-
lowing parametric investigations, the programming
temperature (Td) and shape fixing temperature were
fixed at 40�C and 20�C, respectively, for all the cases,
while the particle heating temperature (TH) and the par-
ticle heating rate were varied, respectively.

Results

It is reasonable to assume that the total time for the
shape recovery of an SMP magnetic particle composite
should be determined by the times for the temperature
rise in the particles to the targeted temperature, for heat
transfer from the particles to the SMP and for the SMP
matrix to recovery. In this paper, the focus is on the
heat transfer and matrix material recovery. Therefore,
unless otherwise mentioned, we assumed that the par-
ticles can be heated to the targeted temperatures
instantaneously (It should be noted that the results pre-
sented will change if this assumption is relaxed. This
can be seen in section Influence of particle heating tem-
perature and rate on the shape recovery rate when the
particle temperature is ramped at a certain thermal rate.
Therefore, the assumption of instantaneous heating
represents an extreme case.). In the finite element
model, this was achieved by ramping the temperatures
of the nodes on the spherical surface representing mag-
netic particle to the target recovery temperature (50�C)
in 0.1ms in the recovery step.

Time-dependent recovery ratio of the SMP composite

In this section, the time-dependent shape recovery
behaviors of the magnetic particle reinforced SMP
composite from the finite element simulation are pre-
sented. As a representative case, the particle volume
fraction is selected as 1% and the particle diameter is
400 mm. During the programming process, the total
compressive strain, the loading rate and the cooling
rate were set as 0.2, 0.01/s and 1.67�C/min, respectively.
As proposed by Lendlein and Langer,48 the amount of
deformation recovered during a free recovery test can
be quantified by using a normalized strain measure-
ment. A strain recovery ratio Rr ¼ 1� " tð Þ="max is
used where "max ¼ 0:2 is the compressive strain at the

Table 1. Model parameters

Description Parameter Value

Thermal component parameters

Glass transition temperature Tg (�C) 40

Linear rubbery coefficient of

thermal expansion

ar (1/�C) 2.35� 10�4

Linear glassy coefficient of

thermal expansion

ag (1/�C) 1.15� 10�4

Structural glass transition

temperature

Tv (�C) 40

Material temperature parameter � (1/�C) 0.7

Material partition parameter x (�) 0.7

Structural relaxation time �v (s) 1� 10�3

Equilibrium branch parameters

Cross-linking density n (m�3) 1.7� 1026

Number of Kuhn segments

between two crosslinks

N (�) 2.49

Bulk modulus K (Pa) 1� 109

Nonequilibrium rubbery branch

parameters

Cross-linking density nR (m�3) 1� 1026

Rouse mode longest relaxation

time

�R (s) 1� 105

Nonequilibrium glassy branch

parameters

Shear modulus �g (Pa) 370� 106

Poisson ratio vg (�) 0.4

Initial material relaxation time �o
g (s) 60

Zero stress level activation

energy

�G (J) 5� 10–20

Initial shear strength s0 (Pa) 55� 106

Saturation shear strength ss (Pa) 24� 106

Prefactor parameter h0 (Pa) 400� 106

Time–temperature shifting

parameters

WLF reference temperature TM (�C) 30

WLF constant C1 (�) 17.44

WLF constant C2 (�C) 51.6

Pre-exponential Arrhenius factor AFck
�1
B Kð Þ �15500
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start of the heating step and " tð Þ is the time-dependent
strain. The time for a full shape recovery was taken to
be when the strain recovery ratio reached 95%.

Figure 4 shows the strain recovery ratio and tem-
perature evolution of the 3D RVE during the free
recovery process, where the temperature is collected
on point A. It is observed that within the small initial
time period (�7 s) of the particle heating, no noticeable
strain recovery is observed. During this time period,
heat transfer within the material dominates, and signifi-
cant shape recovery behavior is not triggered only after
the average temperature of SMP matrix is ramped
above a critical value. Detailed study on the onset tem-
perature of shape recovery will be presented in the fol-
lowing section. When the thermal transmission within
the 3D RVE ends, the shape recovery in the SMP
material starts. At t¼ 14.7 s, the strain recovery ratio
reaches 95%. After 20 s, the permanent shape of the 3D
RVE is totally recovered.

The temperature distributions within the 3D RVE
are plotted as contours in Figure 5. Within the first
7.2 s since the beginning of particle heating, thermal
energy is transferred from the particle surface to the
outer boundaries of RVE. The temperature decreases
along the thermal conductive pathways. Since the
modulus of SMP is very sensitive to temperatures in
the vicinity of Tg, the material near the outer surface
has a much higher modulus than the material inside
and therefore confines the material inside. This confine-
ment has two effects. First, shape recovery does not
occur until the temperature on the outer surface of
the RVE is high so that the material on the outer sur-
face starts to recover. Therefore, the shape recovery
rate is dominated by the recovery of the material at

the RVE boundaries. Second, the volume expansion
of the material inside the RVE is hindered, leading to
a high hydraulic pressure developed around the parti-
cle-matrix interface. This phenomenon could be visua-
lized in Figure 6 where the evolution of hydraulic
pressure (calculated as the negative summation of prin-
ciple stresses, i.e. p ¼ �ð�11 þ �22 þ �33Þ) at the particle
interface is plotted as a function of time. It is noted that
a negative pressure is also developed following the peak
of the hydraulic pressure. Although the existence of
hydraulic pressure may help retard interfacial defects,
the negative pressure may initiate cracks.

Influence of particle size on the shape recovery rate

By further decreasing the diameter of magnetic particles
to 200 mm and 1 mm, respectively, the influence of

Figure 3. The thermomechanical history of the 3D representative volume element (RVE) followed in the finite element analysis.

Figure 4. The strain recovery ratio and temperature of the 3D

representative volume element (RVE) during the free recovery

process. Note: temperature data is collected on point A on the

3D RVE.
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particle size on the shape recovery rate of the SMP
composite was investigated. Other parameters were
the same as those in the representative case. The
strain recovery ratio since beginning of heating, as
well as the temperature at point A on the 3D RVE, is
plotted in Figure 7. Table 2 lists the times for point A
(furthest point to the center of RVE) to reach the target
temperature (50�C) for the cases with different particle
sizes and volume fractions. Two interesting trends can
be observed. First, under a fixed volume fraction,
increasing the particle size increases heating time.
According to equation (23), as the particle diameter
increases, the corresponding RVE edge length
increases, so does the thermal conductive pathway.
Therefore, more time is consumed for heat transfer
before the external SMP material softens so that the
elastic energy stored in the internal SMP material can
be released and the shape can be recovered. In this case,
the heat transfer is considered to be the governing
factor in determining the recovery time. Second, when
the particle size becomes small, heating becomes almost
instantaneous. For example, at 0.1% volume fraction,
10 mm particles can heat the material in less than 0.01 s
whilst 1 mm particles can do so in less than 0.002 s. For
regular applications, however, the difference may not
be distinguishable as they both are very fast.

Influence of particle volume fraction on the shape
recovery rate

To study the influence of particle volume fraction on
the shape recovery rate, the magnetic particle size was

fixed as 1 mm during the finite element calculation whilst
the particle volume fraction was varied as 0.1%, 1%
and 10%, respectively. According to equation (23),
when the volume fraction is increased at a specified
particle diameter, the corresponding 3D RVE edge
length is decreased. In this manner, the length of the
thermal conductive pathway within the model is
reduced, subsequently leading to a short recovery
time of the SMP composite. As shown in Figure 8,
when the particle volume fraction increases to 10%
from 0.1%, the corresponding recovery time is reduced
to 1.12 s from 1.38 s. Even though the demonstrated
decrease in recovery time is minor in the presented

Figure 5. Temperature distribution within the 3D representative volume element (RVE) during the finite element analysis.

Figure 6. Hydraulic pressure evolution on the curved surface

of 3D representative volume element (RVE) during the particle

heating process.
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comparison, it is expected to be more considerable in
SMP composites containing larger-sized magnetic par-
ticles. This is because as the particle size increases, the
effective thermal pathway will increase and thermal
conduction becomes the dominating factor. This trend
can also be seen in Table 2. Similar phenomenon was
also observed by Yakacki et al.32

Critical particle sizes

As shown above, as the particle size becomes smaller,
time for heat transfer becomes very small and thus
heating becomes instantaneous. In this case, the dom-
inating factor in determining recovery time is material
recovery time under isothermal condition. Here, we call
the recovery time under isothermal condition the intrin-
sic recovery time as it is determined solely by material
properties. Therefore, there should exist a critical

particle size, below which, shape recovery time is deter-
mined by the intrinsic recovery time. To further explore
this critical particle size, Figure 9 shows the effects of
particle sizes on the shape recovery time of the SMP
composites. For each curve in Figure 9, a critical diam-
eter can be observed, below which the time for
full recovery is independent of the particle diameter.
The critical diameters for the 0.001%, 0.1%, 1% and
10% volume fractions are approximately 0.15 mm,
1.7 mm, 7 mm and 80 mm for recoveries at 50�C, and
0.8 mm, 13 mm, 40 mm and 200 mm for recoveries at
40�C, respectively. The existence of the critical particle
diameters could be well explained by the previous dis-
cussions and is considered to represent a threshold of
recovery from one dominated by heat transfer to one
dominated by material intrinsic recovery. At a specified
particle volume fraction, the 3D RVE dimension
decreases along with the decrease of particle size, and
thus the shape recovery time is effectively reduced as a
result of the reduction of the length of the thermal path-
way. Below the critical particle size, the dimension of
the 3D RVE becomes unimportant as heating can occur
almost instantaneously. Therefore, from heating effi-
ciency and material recovery points of view, it is
unnecessary to further reduce the particle diameter.
However, from the fabrication point of view, small par-
ticles could be easily suspended in solution than
large particles and hence might be preferred. In such
a case, the particle volume fraction can be reduced.
For example, if the target recovery temperature is
50�C and particle size of 0.15mm in diameter is used,
only a 0.001% of volume fraction is necessary. Further
increasing the volume fraction will not improve the
heating efficiency.

Figure 8. Strain recovery rate of the shape memory polymer

(SMP) composites reinforced by magnetic particles with uniform

size but different volume fractions. Note: The curves were

slightly shifted vertically for better visualization.

Figure 7. Strain recovery rate and temperature evolution of

the shape memory polymer (SMP) composites reinforced by

magnetic particles with uniform volume fraction but different

sizes. Note: temperature data is collected on point A on the 3D

representative volume element (RVE).

Table 2. Heating times as a function of particle size and volume

fraction

Particle

diameter (mm) 	3D¼ 0.1% 	3D¼ 1% 	3D¼ 10%

1 0.00166 s 0.0015 s 0.00134 s

10 0.0097 s 0.0087 s 0.0069 s

40 0.106 s 0.06 s 0.031 s

100 3.71 s 1.07 s 0.32 s

200 11.3 s 2.85 s 0.66 s

400 60.3 s 7.42 s 1.27 s

1000 593 s 49.7 s 4.06 s

Note. The heating time is taken as when point A on the 3D representative

volume element (RVE) reaches the target temperature (50�C).
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Influence of particle heating temperature and rate
on the shape recovery rate

The influence of particle heating temperature on the
shape recovery rate of the SMP composite was

investigated. In the finite element simulation, while
the particle diameter and volume fraction were fixed
as 1 mm and 0.1%, respectively, the targeted high tem-
perature achieved by magnetic particle were chosen as
35�C, 40�C and 50�C, respectively. Figure 10 shows the
strain recovery as a function of time. At the tempera-
ture of 35�C, it takes 1834 s for 95% of shape recovery.
Note that with 1 mm and 0.1% particle volume fraction,
the SMP matrix reaches a uniform temperature within
0.0015 s (see Table 2). Therefore, in these cases, heat
transfer is no longer the dominating factor on the
shape recovery rate of SMP, but the material intrinsic
recovery behavior dominates. Generally, the shape
recovery rate of SMP composite would be increased
under a higher heating temperature (i.e. a stronger
external magnetic field). This tendency is consistent
with the testing results reported by Kumar et al.49

and Weigel et al.50

In the above finite element simulations, the tempera-
ture of the magnetic particles was ramped to the target
temperature (TH) within 0.1ms under the action of
external electromagnetic filed. However, in practical
applications, the particle temperature may not rise
instantaneously from the energy consumption point of
view. Therefore, we considered a case where the tem-
perature of the magnetic particle was ramped at a rate
of 10�C/min to the temperatures of 35�C, 40�C and
50�C, respectively. The particle diameter and volume
fraction were still set as 1 mm and 1%. The time-depen-
dent shape recovery behavior of the SMP composite is
described in Figure 11, where the temperature is mea-
sured at point A. It is seen that the shape recovery does
not start until the temperature reaches �33�C. It is also
interesting to note that under the same heating rate, the
recoveries of the SMP with target temperature of 35�C
and 40�C follow the same path of 50�C recovery until
the respective target temperatures are reached, then the

Figure 9. Prediction of critical particle diameters by showing

effect of particle size on shape recovery time of the shape

memory polymer (SMP) composites.

Figure 10. Strain recovery rate of the shape memory polymer

(SMP) composites reinforced by magnetic particles with different

particle heating temperature.

Figure 11. Strain recovery rate of the shape memory polymer

(SMP) composites under a particle heating rate of 10�C/min and

different target temperature.
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recoveries becomes slow. Similar phenomenon was
observed for an epoxy-based SMP.47

Conclusions

In this paper, finite element simulations were used to
study the shape recovery behaviors of magnetic particle
reinforced SMP composites. The finite element model
was facilitated by a recently developed multi-branch
thermoviscoelastic constitutive model for SMP. The
required model parameters were experimentally deter-
mined by using experimental data from an acrylate-
based SMP. Parametric studies were conducted to
investigate some considerations should be followed in
the designs of the SMP composites with magnetic par-
ticles. In general, reducing particle sizes or increase
volume fractions can promote faster recovery rate.
However, it was found that for a given target recovery
temperature and a given particle volume fraction, there
exists a critical particle size. For particle smaller than
this critical size, the recovery time is dominated by the
material intrinsic recovery time and is therefore inde-
pendent of particle size. Similarly, for a given particle
size and target recovery temperature, there exists a crit-
ical volume fraction. Above this volume fraction, fur-
ther increasing volume fraction does not improve the
heating efficiency.
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Appendix A: Method for calculating the
degree of the volume departure from
equilibrium

The KAHR 33-parameter theory defines the evolution
of � by,

� ¼
X33
j¼1

�j, ðA1aÞ

d�j
dt
¼ �3gj��

dT

dt
�

�j

�jV T, �ð Þ
, ðA1bÞ

gj ¼
0:15

16
for j � 16 and gj ¼ 0:05 for j 	 17,

ðA1cÞ

where �� ¼ �r � �g, �g is the linear glassy CTE and �jV
is the structural relaxation time of the jth region and it
is a function of current T and d. According to the
KAHR model, the structural relaxation time of the
jth region is given by

�jV T, �ð Þ ¼ �jV0
bTb�, ðA2aÞ
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bT ¼ exp �� T� TVð Þ½ �, ðA2bÞ

b� ¼ exp � 1� xð Þ��=��½ �, ðA2cÞ

where �jV0
is the relaxation time in equilibrium at the

reference temperature TV, bT is a shift factor that
incorporates the temperature dependence of �jV at
equilibrium (considered constant �) through the par-
ameter � and b� is a second shift factor that incorp-
orates the effect of the structure-dependent

adjustment on the time scale. To control the
degree of the contribution from temperature and
structure to �jV, the parameter x in equation (A2c)
is used that ranges in value from 0 and 1. The
structural relaxation times are equally distributed in
logarithmic space over four decades with a median
value of �j¼17V0

¼ �V. As a consequence, the fastest
structural relaxation time �j¼1V0

¼ 0:01�V and the slow-
est �j¼33V0

¼ 100 �V.
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