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Shape memory alloys (SMAs) are a type of shape memory materials that recover large deformation and
return to their primary shape by rising temperature. In the current research, the effect of embedding SMA
wires on the macroscopic mechanical behavior of glass–epoxy composites is investigated through finite
element simulations. A perfect interface between SMA wires and the host composite is assumed. Effects of
various parameters such as SMA wires volume fraction, SMA wires pre-strain and temperature are
investigated during loading–unloading and reloading steps by employing ANSYS software. In order to
quantify the extent of induced compressive stress in the host composite and residual tensile stress in the
SMAwires, a theoretical approach is presented. Finally, it was shown that smart structures fabricated using
composite layers and pre-strained SMA wires exhibited overall stiffness reduction at both ambient and
elevated temperatures which were increased by adding SMA volume fraction. Also, the induced com-
pressive stress on the host composite was increased remarkably using 4% pre-strained SMA wires at
elevated temperature. Results obtained by FE simulations were in good correlation with the rule of mixture
predictions and available experimental data in the literature.

Keywords load–unload–reload, NiTi, polymer composites, ther-
momechanical

1. Introduction and Background

In recent years, the use of shape memory alloys due to their
special properties such as shape memory effect, pseudoelastic-
ity and high damping capability is increased in smart structures
and actuators. Shape memory alloy hybrid composites
(SMAHCs) are a type of smart structures that generally have
higher strength, stiffness, fracture energy and natural frequency
in comparison with unreinforced composites (Ref 1-6). Thus,
these reinforced structures are interesting candidates for many
applications in aerospace, biomechanics and civil engineering
fields. The stress–strain behavior of these hybrid composites
under mechanical loading is similar to a bilinear curve due to
the martensitic transformation of embedded SMA wires. Shape
recovery effect of SMA wire can lead to reduced matrix
cracking and stress concentration at the tip of cracks in hybrid
composites (Ref 7). Asadi et al. (Ref 8) analyzed the nonlinear
behavior of thermal stability of the reinforced Timoshenko
Beams with SMA. They used first-order theory and one-
dimensional Brinson constitutive law for kinematic assump-
tions. Their findings express that the recovery stress caused by
activation of SMA fiber can stabilize an imperfect beam
subjected to heating. Deng et al. (Ref 9) investigated the
mechanical behavior of uniaxial reinforced concrete specimen

with SMA wires. Also, the authors studied the effects of initial
pre-strain, actuation time and temperature rising. According to
the obtained experimental results, SMA wires can control the
axial strain of specimens by activating and producing prestress.
Applying pre-strain into SMA wires and using of SME
capability at elevated temperature would cause a remarkable
reversible force on the host composite. However, it should be
noted that application of higher pre-strain values may lead to
separation between the host composite and the SMAwires (Ref
10). Therefore, it is necessary to investigate the thermome-
chanical behavior of the polymeric composites reinforced with
pre-strained SMA wires to optimize the mechanical perfor-
mance. Many investigations have been performed on the
macroscopic mechanical behavior of composites reinforced
with SMA wires under different loading conditions and
illustrated that the application of the shape memory wires can
improve strength, stiffness and fracture energy of the host
composite (Ref 11-16). Su et al. (Ref 11) presented a
constitutive equation to simulate the thermomechanical behav-
ior of composites reinforced with unidirectional SMA wires
using irreversible thermodynamics. Also, they proposed a
constitutive relation for modulus as a function of temperature to
predict the stress–strain behavior of composites at different
temperatures. Shimamoto et al. (Ref 12) investigated shape
recovery effect of the SMAwires on the stress concentration of
the crack tips using direct and indirect heating methods of the
SMA wires. Lee and Taya (Ref 13) introduced a theoretical
model, to predict yield stress of metal matrix composites
integrated with SMA wires. According to the obtained results,
yield stress in composites for pre-strain values between zero
and 2% was increased, while for the values between 2 and 3%
was decreased or remained constant. Damanpack et al. (Ref 14)
investigated the thermomechanical response of metal matrix
composites reinforced with SMA wires under multi-axial
proportional and non-proportional loading. According to their
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observations, by increasing the pre-strain value for SMAwires,
the recovery stress was increased. Also, they found that
martensitic transformation of SMA fiber and plastic deforma-
tion of the aluminum matrix are inducing a plateau with the low
slope in the stress–strain curve. Zhu and Dui (Ref 15) presented
a micromechanical model to simulate mechanical behavior of
aluminum matrix reinforced with shape memory alloys. The
effect of three shapes of SMA inclusions as short fiber, long
fiber and the spherical particle was investigated on the overall
mechanical behavior of the SMAH composite. They found that
the overall stiffness of the hybrid composites containing the
long fibers was the maximum, while the residual strains of the
hybrid composites containing the spherical particles were more
than the others. Raghavan et al. (Ref 16) investigated the ability
of SMA wires to improve damping, tensile and impact
properties of SMAH�s. Lei et al. (Ref 17) studied the effect
of adding short SMA wires on thermomechanical behavior of
composites. According to their findings, increasing SMA
volume fraction would increase composite Young�s modulus
and vice versa. Lei et al. (Ref 18) studied the effect of the
interface on macroscopic behavior of shape memory alloy
hybrid composites. They reported a bilinear curve for hybrid
composites due to the martensitic transformation of SMAwires
with 3.4% improvement in ultimate tensile strength. Also, they
point out that ultimate strength is limited by the weak interface
of hybrid composite. Taheri et al. (Ref 4) experimentally
investigated the thermomechanical behavior of reinforced
composites with pre-strained SMA wires under static loading
at different temperatures. They assumed perfect interfacial
bonding between the SMA fiber and matrix in their research.
They performed a tensile test on the hybrid composite
specimens and showed that application of SMA fibers at
elevated temperature could improve the overall structural
response of the host composite in terms of stiffness and
strength.

The objective of the present article is to investigate the
thermomechanical behavior of shape memory alloy hybrid
composites (SMAHCs) by assuming perfect interface between
SMA fiber and the host composite. In this study, SMAHCs are
simulated using Ansys software and the effect of different
parameters such as wires volume fraction, activation temper-
ature and pre-strain is investigated on their thermomechanical
response. In addition, mechanical behavior of these materials
under loading–unloading and reloading conditions at both room
and elevated temperatures is investigated for the first time. In
order to quantify the extent of the induced compressive stress in
the host composite and the residual tensile stress in the SMA
wires, a theoretical modeling approach is introduced based on
the one-dimensional material model of SMA wires. Results of
the finite element simulations are compared with the available
experimental data in the literature.

1.1 Constitutive Equations

So far, many constitutive equations with various capabilities
are introduced to predict the thermomechanical behavior of
SMAwires. The related one-dimensional and three-dimensional
equations could be found in (Ref 19-22) and (Ref 23-25),
respectively. In this article, the one-dimensional Brinson�s
model is utilized. In this theory, internal variable martensite
volume fraction for the first time was decomposed to stress and
temperature components. nT and nS represent temperature and
stress-induced martensite volume fractions, respectively.

According to this constitutive equation, the martensite volume
fraction and stress is as follows:

n ¼ nT þ nS ðEq 1Þ

r� r0 ¼ E nð Þe� E n0ð Þe0 þ X nð ÞnS � X n0ð Þn0 þH T � T0ð Þ
ðEq 2Þ

The subscript 0 refers to the initial reference state. Symbols
E, X, n and H represent the elastic modulus, phase transfor-
mation modulus, martensite volume fraction and thermoelastic
tensor, respectively. In this model, the overall modulus is as-
sumed as a linear function of the modulus of austenite and
martensite phases as shown below:

E nð Þ ¼ Ea
s þ Em

s � Ea
s

� �
n ðEq 3Þ

where Ea
s and Em

s are the austenite and martensite phase mod-
ulus. According to E(n), other modules are assumed as a lin-
ear function of n and expressed as:

X nð Þ ¼ �eLE nð Þ ðEq 4Þ

H nð Þ ¼ E nð Þ aa þ am � aað Þnð Þ ðEq 5Þ

where eL is the maximum residual strain and aa and am are
the thermal expansion coefficients in austenite and martensite
phases, respectively.

The evolution equations for martensite volume fraction (n)
in forward transformation (austenite to martensite phase) and
reverse transformation (martensite to austenite phase) are
expressed as:

From austenite into martensite phase:

rcrs þ CM T �Msð Þ< r< rcrf þ CM T �Msð Þ and T >MS

ðEq 6Þ

nS ¼
1�nS0

2
cos

p
rcrs �rcrf

r�rcrf �CM T �Msð Þ
� �� �

þ1þnS0
2

ðEq 7Þ

For T<MS and rcrs < r< rcrf

nS ¼ 1� nS0
2

cos
p

rcrs � rcrf
r� rcrf

� �� �
þ 1þ nS0

2
ðEq 8Þ

From martensite into austenite phase:

CA T � Afð Þ< r<CA T � Asð Þ and T >AS ðEq 9Þ

nS ¼
1�nS0

2
cos

p
rcrs �rcrf

r�rcrf �CM T �Msð Þ
� �� �

þ1þnS0
2

ðEq 10Þ

where CA and CM are the material constants to express the
relationship between critical stress of phase transformation
and temperature and AS, Af, MS, Mf are the start and finish
temperatures in austenite and martensite transformations and
symbols rcrs ;r

cr
f ;T ;ns;ns0 refer to the critical stress at the start

and finish of the martensite transformation, temperature,
martensite volume fraction induced by stress and initial
martensite volume fraction, respectively.

1.2 Effective Modulus of SMAHC

Embedding SMA wires into the laminated composites lead
to a change in mechanical properties such as stiffness, strength,
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toughness and absorbed energy. In order to calculate effective
modulus, the role of mixture relationship (ROM) is used. It
should be noted that this law is valid for linear systems. In this
study, the ROM on the initial linear part of SMA stress–strain
curve and linear part of phase transformation is used separately.
According to the ROM, effective modulus of SMAHC is given
by:

ESMAHC ¼ ESVS þ EmVm þ ECVC ðEq 11Þ

where Es, Vs, Ec, Vc and Em, Vm are the elastic modulus and
volume fraction of SMA wire, composite and resin between
SMA wire and composite layers, respectively. It should be
noted that due to inserting a layer of SMA wire and resin in-
side prepreg composite layers, the resin volume fraction de-
posited between SMA wires is considered in all equations.
Resin modulus is considered to be 2 GPa (Ref 4) at both
room and elevated temperatures. By substituting Eq 3 into
Eq 11, the elastic modulus of SMAHC is obtained as a func-
tion of martensite volume fraction:

ESMAHC ¼ VS Ea
S þ Em

S � Ea
S

� �
n

� �
þ EmVm þ ECVC ðEq 12Þ

According to the ROM, the ultimate strength of SMAHC
can be obtained from the following equation:

ruSMAHC ¼ Vsr
u
s esmax

� �
þ Vcompr

u
comp ecomp

max

� �
ðEq 13Þ

where rus and ruc are the ultimate strength of SMA wire and
SMAHC, respectively.

1.3 Compressive Initial Stress Induced in the Host
Composite

Based on the experiments performed by Taheri et al. (Ref 4),
SMAHC specimens are fabricated as shown in Fig. 1. Initially,
SMA wires are wrapped around on a metallic frame and
strained up to 4% of their initial length. In the second step, six

layers of E-glass/epoxy prepregs are laid below and on the
SMA wires to construct SMAHC plates as [(E-glass/epoxy)3/
SMA layer/(E-glass/epoxy)3]. At the final step, curing of the
SMAHC plate is completed and then SMA wires are released
from the frame to compress the host composite.

This manufacturing process extended induced compressive
strain (ec) in the host composite. The total strain in SMAwires
consists of elastic strain and phase transformation strain. By
unloading a pre-strained SMA wire, the elastic strain part will
be recovered but the other part will be remained as residual
strain. A typical stress–strain relationship of SMA wire is
shown in Fig. 2.

Therefore, total strain in SMA wire is expressed as:

�etotal ¼ �elin þ �eres ðEq 14Þ

where �elin and �eres denote the elastic and residual strains,
respectively. After embedding SMA wire in composite and
then releasing them, the composite will stunt the returning of
SMA wires. After releasing SMA wires, a part of the elastic
strain of the SMA wires remained in the wires (ef) and the
other part recovered (erec), so one may write:

�elin ¼ erec þ ef ðEq 15Þ

Assuming the perfect interfacial bonding between the SMA
wires and the composite matrix, all recovered part of the strain
induced to the composite matrix, which means:

erec ¼ eck k ðEq 16Þ

where eck k is the magnitude of the compressive strain in the
composite. Substituting Eq 16 into Eq 15, the elastic strain of
the SMA wires is obtained as follows:

�elin ¼ ec þ ef ðEq 17Þ

Due to the perfect interfacial bonding assumption, the action
and reaction forces created between the SMAwires and the host

Fig. 1 Schematic of embedding pre-strained SMA wires in the host composite
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composite are considered equal. The elastic strain of SMAwire
is expressed as follows (Ref 19):

ef ¼ rSMA=ESMA
¼ f=ASMAESMA

ðEq 18Þ

where ESMA is the elastic modulus of SMA wires in the re-
turn path at 4% strain and f is the equivalent force between
SMA wires and matrix. By considering linear and similar
properties in the longitudinal and transverse directions for the
host composite, one may write:

ec ¼ rc=Ec
¼ f=AcEc

ðEq 19Þ

Ec ¼ VPCEPC þ VmEm ðEq 20Þ

where VPC, Vm is the volume fraction of initial composite
(prepreg composite) and matrix between SMA wires and
composite, respectively. By substituting Eq 18 and Eq 19 into
Eq 17, the f force is obtained as follows:

f ¼ �elin
1

AcEc
þ 1

ASMAESMA

� 	 ðEq 21Þ

Using obtained equivalent force (f) and Eq 19, initial
compressive stress into the host composite is obtained as
follows and illustrated in Table 1.

rc ¼ Ecec ¼
�elin

1
Ec
þ Ac

ASMAESMA

� 	 ðEq 22Þ

2. Properties of SMAHC Constituents

SMAHC specimens consist of composite matrix and SMA
wires with various volume fractions of the constituents.
Constituents mechanical properties based on the experiments
performed by the other researchers are illustrated in Table 2
(Ref 4, 26, 31). The composite matrix is made of impregnated
woven E-glass/epoxy layers, and its properties at ambient
(26 �C) and elevated (90-100 �C) temperatures are obtained
from (Ref 4, 26). According to (Ref 4), for these woven E-
glass/epoxy materials the same mechanical properties are

Fig. 2 Schematic of stress–strain relationship of SMA wire

Table 1 Amount of induced stress and strain in the host composite and SMA wires after releasing the SMA wires

Percentage Temp Ec, GPa ESMA, GPa f, N �elin � 103 ef3 103 ec3 103 rc, MPa rs, MPa

4% SMA and 11.86% resin Ambient 20.43 28 362.4 7.5 7.095 0.405 �8.27 198.7
Elevated 20.43 53.78 1692.8 19.15 17.26 1.893 �38.67 928.1

7% SMA and 8.86% resin Ambient 20.37 28 607.5 7.5 6.80 0.703 �14.32 190.3
Elevated 20.37 53.78 2742.4 19.15 15.98 3.175 �64.67 859.2

10% SMA and 5.86% resin Ambient 20.31 28 830.4 7.5 6.50 0.996 �20.23 182.1
Elevated 20.31 53.78 3628.7 19.15 14.80 4.35 �88.42 795.8

Table 2 Material properties of the host composite and the SMA wires at ambient and elevated temperatures (Ref 4, 26,
31)

E11, GPa E22, GPa E33, GPa Strength, MPa Jxy Jxz = Jyz Gxy, GPa Gxz = Gyz, GPa

Composite
24 24 5.14 540 0.138 0.3 4.2 2.57

Ea, GPa Em, GPa �eL b, MPa/�C R, MPa T0, k h, MPa Tas, �C

SMA wires
80 28 0.0675 13.65 160 325.15 500 69

Taf, �C Tms, �C Tmf, �C CM, MPa/�C CA, MPa/�C rcrs , MPa rcrf , MPa J

SMA wires
84 52 42 8.44 13.65 187 225 0.33
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obtained at elevated and the ambient temperatures. Also
according to (Ref 4), the NiTi SMA wires used was obtained
by Memry Corp. (Bethel, CT), composed of nickel and titanium
(as are most of the commercial NiTiNOL wires); the diameter
of the SMAwire was 0.381 mm. Thermomechanical properties
of the SMA wires at room and elevated temperatures are
tabulated in Table 2 (Ref 4, 31).

Symbols used in Table 2 are defined as follows.
Ea;Em; h;R; b;�eL; #;T0 refer to austenite modulus, martensite
modulus, hardening parameter during the phase transformation,
elastic limit, temperature scaling parameter, maximum trans-
formation strain, Poisson�s ratio and the reference temperature,
and symbols Tas, Taf, Tms, Tmf refer to austenite start, austenite
finish, martensite start and martensite finish temperatures,
respectively.

3. Numerical Simulations Using ANSYS

In this section, a 3-D finite element simulation is performed
according to the dimension of SMAHC specimens as the length
of 220 mm, the width of 19 mm and thickness of 2.4 mm. For
modeling the SMA wires, unidirectional solid cylinders along
the axial direction of loading are embedded between layers of
composites as a unidirectional layer. Due to the specimen
symmetry, half of the plate is considered for the analysis. The
SMA wires along with their surrounding matrix are considered
as a single layer to construct the SMAHC laminate as [(E-glass/
epoxy)3/SMA layer/(E-glass/epoxy)3]. According to the exper-
iments performed by (Ref 4), the total volume fraction of SMA
layers (SMA wire and its surrounded resin) and the host
composite layers were 15.8 and 84.2%, respectively. The
volume fraction of SMAwire in SMAHC sheet could be altered
by changing SMA wires number and diameter in the middle
layer of SMAHC sheet. As mentioned ‘‘SMA layer’’ is a
combination of SMA wires and their surrounded resin with
different percents which are explained in Table 1. Dimensions
and boundary conditions used in FE modeling of SMAHC
sheets are schematically shown in Fig. 3.

The simulation of SMA wires was conducted using Auric-
chio and Zouain (Ref 27-30) nonlinear models available in
ANSYS material library. For simulation of SMA wires, brick
elements (solid 185) are used and face sheets are modeled by
using the same elements in Ansys software.

As shown in Fig. 3, the left edge of the model is fixed and a
uniform load is applied along the right edge of the SMAHC
along the axial direction of SMA wires. Since half of the
specimen is simulated, the boundary condition of the upper
edge is simply supported and the lower edge is free. The mesh
convergence analysis is performed on a various number of
elements to ensure the accuracy of calculations and freedom of

the model to mesh size. The final mesh distributions in
thickness and around the SMA wire are shown in Fig. 4. The
dimensions of elements in thickness, width and length direc-
tions are considered as 0.086, 0.084-0.148 and 1.375 mm,
respectively. The number of brick elements used in final FE
model for SMA wires surrounded resin and composite faces is
123,520, 61,440 and 122,880, respectively. Also, the minimum
time step used in solution was 10�4 (s) and nonlinear Newton–
Raphson method was used during solution.

3.1 Validation of the Numerical Simulations

Using properties of Table 2, the thermomechanical behavior
of SMA wires at both temperatures is simulated and illustrated
in Fig. 5. As depicted in Fig. 5, the results predicted by finite
element simulation have good agreement with experimental
results.

Predicted results of the FE simulation of SMAHC plates
under static tensile loading are compared with experimental
data obtained by (Ref 4), as well as with ROM predictions.
Figure 6 shows the comparison between the results of the
simulation and test results at ambient temperature. As depicted
in Fig. 6, the global stress–strain behavior of the SMAHC
plates is bilinear due to martensitic phase transformation of
SMA wires.

As seen, deviation of FEM and ROM (Eq 12) predictions
from the experiment started around 0.36% strain. This differ-
ence is mainly due to three possible reasons: (a) perfect
bonding assumption of the interface in FE modeling, (b)
numerical errors of FE simulation and (c) stiffness degradation
due to micro-matrix cracking which is not simulated in FE
simulation.

Fig. 3 Dimensions and boundary conditions used in FE modeling of SMAHC sheets

Fig. 4 Mesh distribution in thickness and around the SMA wire

Journal of Materials Engineering and Performance Volume 26(4) April 2017—1487



As illustrated in Fig. 7, a good correlation between pre-
dicted results by FE simulation, experiment and ROM is
obtained for the SMAHCs at elevated temperatures.

According to the results presented above, the general error
of simulation at ambient and elevated temperatures in compar-
ison with experimental results is less than 5.85, and 5.7%,
respectively. In the following sections, the effect of various
parameters on the global stress–strain behavior of SMAHC
laminates will be studied numerically.

Fig. 5 Thermomechanical behavior of SMA wires at (a) ambient temp (left) and (b) elevated temp (right)

Fig. 6 Average stress–strain behavior of SMAHCs with 7% SMA
wires at ambient temperature

Fig. 7 Average stress–strain behavior of SMAHCs with 7% SMA
wires at elevated temperature

Fig. 8 Average stress–strain behavior of SMAHCs at ambient tem-
perature, containing SMA wires with volume fractions of (a) 4%, (b)
7% and (c) 10%
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3.2 Parametric Studies

It is well known that in two phase�s materials that the
volume fractions of the constituents play an important role in
many characteristics of the final structure as in mechanical and
thermal properties. In this section, the effect of different
parameters of the reinforcement such as wires volume fraction,
pre-strain and temperature is investigated on the stress–strain
behavior of SMAHCs. Also, the effect of loading–unloading–
reloading conditions on the amount of the induced residual
stresses and strains on the host composite and SMA wires is
evaluated.

3.2.1 SMAHCs Without Pre-strained Wires. In all of
the results presented in the following, three different volume
fractions of SMA wires as 4, 7 and 10% are considered.
Figure 8 shows a diagram of average stress–strain of SMAHCs
at ambient temperature and zero percent pre-strain. As depicted
in Fig. 8, by increasing the volume fraction of SMA wires, the
amount of stiffness reduction in the second stage was increased
due to the martensite phase transformation of more SMAwires
at this stage. Summary of stiffness variations is depicted in
Table 3.

After unloading, the amount of residual strain in SMAHCs
for 4, 7 and 10% embedded SMA wires is 0.0402, 0.0704 and
0.1003%, respectively. Thus, the amount of residual strain is
gradually increased with the percent of SMA wire. Due to
contraction of host composite during the unloading step,
induced residual stress in SMA wires will be compressive.
Figure 9 shows the stress–strain curve of a typical SMA wire
inside the SMAHC laminate, contained 7% of SMA wires,
under loading–unloading and loading steps.

Table 3 Effects of SMA volume fraction on the effective modulus of SMAHCs containing SMA wires without pre-
strained

SMA volume fraction

First stage Second stage

4% 7% 10% 4% 7% 10%

Effective modulus, GPa
Ambient temperature
FEM 21.61 22.39 23.20 20.58 20.55 20.54
ROM (Eq 12) 21.55 22.33 23.11 20.47 20.44 20.41
Elevated temperature
FEM 23.67 26.01 28.36 20.59 20.57 20.55
ROM (Eq 12) 23.63 25.97 28.31 20.47 20.44 20.41

Fig. 9 Stress–strain response of SMA wire inside the SMAHC lam-
inate at ambient temperature

Fig. 10 Average stress–strain behavior of SMAHCs at elevated
temperature, containing SMA wires with volume fractions of (a) 4%,
(b) 7% and (c) 10%
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Figure 10 shows a diagram of average stress–strain of
SMAHCs at elevated temperature and zero percent pre-strain.
According to Fig. 10 at elevated temperatures, for prescribed
wire volume fractions there is no residual strain in global
stress–strain curves.

There is a remarkable difference between stress–strain
curves predicted in the room and elevated temperatures during
unloading phase. As depicted in Fig. 10, during unloading at
elevated temperatures, SMA wires are following the curve
shown in Fig. 11, so a stiffness reduction in global behavior
happens which is dismissed by reducing the stress level and
happening stress-induced phase transformation in SMA wires.

In addition, during the unloading step, some residual strain
was observed in SMAHC specimens at ambient temperature,
which was disappeared at elevated temperature. This is due to
the superelastic performance of the SMA wires inside the
SMAHC laminates at elevated temperature. The stress–strain
curve of the SMA wire at elevated temperature is shown in
Fig. 11 for the laminates with 7% of embedded SMA wires
during loading–unlading and reloading steps.

Since the stress–strain behavior of host composite is
assumed linear elastic during loading and unloading cycle at
an elevated temperature no residual strain happened in the

Fig. 11 Stress–strain response of SMA wire inside the SMAHC
laminate at elevated temperature

Fig. 12 Stress distribution in SMAHCs (left), SMA wires and the host composite (right) at elevated temperature

Fig. 13 Average stress–strain behavior of SMAHCs at room tem-
perature, containing 4% pre-strained SMA wires with volume frac-
tions of (a) 4%, (b) 7% and (c) 10%
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specimens. Worth to mention, in FE simulation specimens are
loaded up to 80 percent of their experimental static strength.

The effects of SMA volume fraction on the effective
modulus of hybrid composites estimated by simulations and
ROM are compared in Table 3. As seen, at the first stage the
effective modulus of SMAHC is steadily improved but in
second stage there is a remarkable reduction due to the
martensite transformation in SMA wires. Therefore, an opti-
mized volume fraction of SMA wires should be considered to
design optimal smart composite structures.

Stress distribution in SMAHCs, SMA wires and the host
composite is depicted in Fig. 12 for the FE model containing
7% of SMAwire without pre-strain. Stress distribution became
uniform at distances about width from the ends of the
specimen. Uniform stress in SMA wires is around 1000 MPa
which will cause stress-induced phase transformation from
austenite to detwinned martensite in the wires.

3.2.2 SMAHCs with Pre-strained Wires. The average
stress–strain curves for hybrid composites in ambient temper-
ature are shown in Fig. 13. At the first stage of Fig. 13 (strain
between 0 and 0.009%), effective modulus for hybrid compos-
ite with 4, 7 and 10% SMAwires, respectively, is 21.61, 22.39
and 23.21 GPa, and in the second stage, respectively, is 20.53,
20.55 and 20.58 GPa. As seen, effective modulus of the hybrid
composite is less than host composite.

According to Fig. 13, the amount of residual strain in
SMAHC specimens after unloading is more than specimens
without pre-strain shown in Fig. 8. Effective modulus obtained
by FE simulation and ROM is tabulated in Table 4 at ambient
and elevated temperatures.

According to ROM at the second stage of Fig. 13, a
reduction in the effective modulus was expected, while a small
increase in the modulus is reported. This is due to the
martensite transformation completion of SMA wires at 1.8%
strain and entering to the stiff detwinned martensite phase. This
increase in Young�s modulus is shown in Fig. 13(c). At this
point, Young�s modulus was increased from 20.58 to
21.29 GPa. According to Fig. 13, the amount of residual strain
of hybrid composites after unloading is 0.0764, 0.128, and
0.177%, for 4, 7 and 10% of SMA wires, respectively.

During loading of specimens with 4% pre-strain, SMAwires
have experienced around 6% strain inside the host composite
which could induce a large amount of compressive stress on the
host composite during unloading. Figure 14 shows the amount
of compressive stress on the hybrid composite to different
percentages of the SMA wires.

As seen, by increasing the volume fraction of SMA wires,
compressive stress on the host composite is increased.

According to Fig. 15, the behavior of hybrid composites
with pre-strained SMA wires at elevated temperature is a
bilinear curve. In this case, after unloading, a considerable
amount of strain will be recovered in specimens. By using
Eq 3 and 7, Young�s modulus of SMA wires obtained is
53.78 GPa. Young�s modulus variations of SMA wires as a
function of strain due to the induced phase transformation
stress are shown in Fig. 16. The effective modulus of SMAH
composites is improved by using SMA wires at elevated
temperatures.

According to the presented results in Table 4, it is concluded
that the overall stiffness of hybrid composites with pre-strained
SMA wires is reduced at both temperatures.

In contrast to Fig. 10, during unloading of SMAHCs
containing 4% of pre-strained wires, some residual strain
would stay in the unloaded specimens. The amount of residual
strain, as shown in Fig. 15, for different percentages of SMA
wires is 0.0537, 0.0699, and 0.0831%, respectively. Energy
dissipation and nonlinear loading and unloading stress–strain
curves of SMAHCs with and without pre-strain could be
explained by comparing Fig. 10 and 15. In addition, by
comparing Fig. 11 and 17, it is concluded that specimens with
pre-strain are a good candidate to dissipate energy by their
hysteresis loop in comparison with specimens without pre-
strain.

SMA wires in pre-strained specimens enter to phase
transformation and modulus reduction at strains around
0.25%, while in specimens without pre-strain phase transfor-
mation start at strains around 1.28%. Also, loading and
unloading cycle in pre-strained specimens caused the SMA

Table 4 Effects of SMA volume fraction on the effective modulus of SMAHCs containing pre-strained SMA wires

SMA volume fraction

First stage Second stage

4% 7% 10% 4% 7% 10%

Effective modulus, GPa
Ambient temperature
FEM 21.61 22.39 23.21 20.53 20.55 20.58
ROM (Eq 12) 21.55 22.33 23.11 20.47 20.44 20.41
Elevated temperature
FEM 22.83 24.52 26.27 20.53 20.55 20.59
ROM (Eq 12) 22.58 24.14 25.69 20.47 20.44 20.41

Fig. 14 Compressive stress on the composite after releasing the
SMA wires at ambient temperature
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wires to follow a loading–unloading path as shown in Fig. 17.
Effective modulus obtained by FEM and ROM is tabulated in
Table 4 at ambient and elevated temperatures.

As seen, at the first stage the effective modulus of SMAHCs
is steadily improved but in the second stage, there is a
remarkable reduction due to the martensite transformation in
SMA wires.

Embedding the pre-strained SMAwires inside the laminated
composite during fabrication and releasing them after compos-
ite solidification would cause a compressive stress on the host
composite. The amount of induced compressive stress in the
host composites is shown in Fig. 18. As seen, by increasing
volume fraction of SMA wires the compressive stress was
increased.

As seen in Fig. 14 and 18, the host composite compressive
stress values calculated by Eq 22 and FE simulation are in good
agreement. According to the presented discussion wires,
volume fraction and pre-strains are two key points to control
the final behavior of smart structures made of SMA wires and
layered composites.

4. Conclusion

This study investigated the effect of embedding SMA wires
on the macroscopic mechanical behavior of woven E-glass/
epoxy composites subjected to uniaxial tensile loading through
finite element simulations. Also, the effects of various param-
eters such as wires volume fraction, temperature and pre-strain
were evaluated. At the first step, the accuracy of the FE

Fig. 15 Average stress–strain behavior of SMAHCs at elevated
temperature, containing 4% pre-strained SMA wires with volume
fractions of (a) 4%, (b) 7% and (c) 10%

Fig. 16 Young�s modulus of SMA wires vs. strain

Fig. 17 Stress–strain curve of SMA wire inside the SMAHC lami-
nate at elevated temperature (wire volume fraction of 4% and pre-
strain of 7%)

Fig. 18 Compressive stress on the host composite after releasing
the SMA wires at high temperature
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simulation was verified by using the experimental data
available in the literature. Then the effects of various param-
eters were investigated by using FE models. According to the
study conducted, the following observations are drawn:

(a) Smart structures fabricated by using composite layers
and pre-strained SMA wires at ambient and elevated
temperatures will exhibit overall stiffness reduction
which would be increased by adding SMA wires volume
fraction.

(b) Smart structures fabricated by using composite layers
and SMA wires without pre-strain exhibited overall stiff-
ness reduction at ambient temperatures. However, by
increasing temperature, an improvement on the overall
stiffness of SMAHCs is observed due to phase transfor-
mation of SMA wires from the martensite to the austen-
ite phase.

(c) The amounts of compressive stresses in hybrid compos-
ites at both temperatures were enhanced with the per-
centage of embedded SMA wires.

(d) Energy dissipation by SMAHCs at elevated temperature
with embedded pre-strained SMA wires was more than
SMAHCs with SMA wires without pre-strain.

(e) By comparing the results, this conclusion is made that
application of SMA wires without pre-strain is better
than pre-strained wires in terms of stiffness enhancement
of the host composite, but in applications which strain
recovery capabilities of SMA wires are important like
crack mitigation pre-strained SMA wires are preferred.

(f) Proposed 1-D model based on strength of materials is
capable of predicting the induced residual strain in the
host composite with acceptable correlation in comparison
with available 3-D nonlinear model implemented in the
commercial software.
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