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Abstract
Imparting controllable flexural rigidity into a material system is one of the key motivations for
the design of intelligent materials for structural applications. In this direction, shape memory
alloy (SMA) reinforced polymer composites have enormous potentials for active shape and
vibration control of systems related to aerospace, automobile, and energy harvesting
applications. The primary motivation of reinforcing SMA wires into a composite is to actively
change the composite stiffness or elasticity through thermo-mechanical as well as
electrical/magnetic stimulation. The SMA -reinforced hybrid composites are found to be able to
adapt their shape, which may also improve the specific strength, vibration damping, and
self-healing capability by utilizing shape memory effect and pseudoelastic behavior of the SMA.
In this paper, we intend to provide a comprehensive review of all SMA -reinforced composites
available today in the open literature and a critical assessment of the technology. Currently,
shape memory alloys in the form of long fibers (wires), ribbons, short fibers, and particles are
used for hybridizing the reinforcements in composites. Continuous SMA fiber embedded
composites are generally used for shape control of structures. However, it has difficulty in
obtaining suitable interfacial characteristics required for actuation. The discontinuous SMA
embedded composites have scope for modifying such active properties. The work presented
here gives an overview of the concepts of design, development, and modeling of continuous and
discontinuous shape memory alloy embedded composites for advanced smart composites.

Keywords: smart composites, SMA hybrid composite (SMAHC), active fiber composite,
ribbon-reinforced composite, active shape control, active vibration control.

(Some figures may appear in colour only in the online journal)

Nomenclature

αf Thermal expansion coefficient of the fiber
αm Thermal expansion coefficient of the matrix
∆H Enthalpy change
νA Volume fraction of the austenite phase
ν f Fiber volume fraction

νm Matrix volume fraction
Ω Phase transformation constant
σ Stress tensor
σcrf Critical stress at the end of phase

transformation
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σcrs Critical stress at the start of phase
transformation

σy Yield stress of the matrix
□◦ Subscript for initial state
□avg Subscript for average
□L Subscript for longitudinal direction
□T Subscript for transverse direction
□m Subscript for matrix
ε Strain tensor
εL Maximum recovery strain limit
ξ Total volume fraction of martensite
ξs Volume fraction of stress-induced detwinned

martensite
ξT Volume fraction of temperature-induced

twinned martensite
ζ Aspect ratio
Af Austenite finish temperature of SMA
As Austenite start temperature of SMA
Asurf Surface area
CA Stress rate for the austenite phase
CM Stress rate for the martensite phase
CP Specific heat
dσfavg Average incremental stress of SMA fiber
dσmavg Average incremental stress of the matrix
EA Modulus of elasticity of SMA in the austenite

phase
Ef Modulus of elasticity of fiber
EM Modulus of elasticity of SMA in the martensite

phase
Emavg Average modulus of elasticity of the matrix
h Convection coefficient of ambient air
m Mass of SMA wire
Mf Martensite finish temperature of SMA
Ms Martensite start temperature of SMA
T(t) Instantaneous temperature at time t
Ta Ambient temperature
V Applied voltage to SMA wire

1. Introduction

Smart materials and structures have brought forth a paradigm
shift in design mostly to the field of structural engineering,
robotics, and aerospace due to which the demand for highly
functional and lightweight, adaptive systems is continuously
growing. Shape memory alloys (SMAs) belongs to the fam-
ily of smart materials and have broad applications as com-
ponents of adaptive structures [1] due to high specific actu-
ation energy, immense actuation strain, and recovery stress.
Shape memory effect (SME) and superelasticity are proper-
ties of SMAs that make them an ideal candidate for compos-
ite materials and smart composite structures. SME is realized
as a shape deformation at low temperature (martensite phase)
and shape recovery at high temperatures (austenite phase).
Significant tensile stresses are induced in SMA if the recov-
ery is constrained. Superelasticity can be described as a sub-
stantial recovery of strain upon deformation above the aus-
tenite finish temperature. SME can generate actuation stress
in SMA in the range of 100–700 MPa, which is significantly
higher as compared to low power hydraulic actuators (20–70

MPa) and piezoelectric actuators (1–9 MPa) [2]. There are
about 20 varieties of SMA materials; however, NiTi-based,
Cu-based (CuAlNi and CuZnAl), and Fe-based alloys are cur-
rently the most widely studied. In terms of commercial applic-
ations, NiTiNOL (a nickel-titanium alloy developed by Naval
Ordnance Laboratory, White Oak, Maryland (USA), 1961)
have gained wide popularity due to high performance, super-
ior ductility, corrosion resistance, high tensile strength, large
output force-to-weight ratio and bio-compatibility [3]. Ni-Ti -
based SMAs can also be used as a sensor to measure the strain
by utilizing the property of change of resistance during phase
transformation [4]. There is another critical class of iron-based
shape memory alloys that shows response under the mag-
netic field [5] known as ferromagnetic shape memory alloys
(FSMAs) [6, 7]. FSMAs may be used as a magnetically sens-
itive device as well as a thermally sensitive one [8]. Shape
memory alloys are widely employed in multiple domains of
engineering to address an array of applications that are sum-
marized in figure 1. These alloys can be used either as stan-
dalone or as a reinforcement in composites depending upon the
application. The SMAs are commercially available in arrays of
geometries such as wires, rods, ribbon, springs, foils, and even
as foams [9]. The sintered NiTi alloy foam of high porosity
(71–87%) are being investigated to match the actual perform-
ance of human bone [10].

Generally, pre-strained SMAs are employed such that upon
heating above the austenite finish temperature, the material
transforms back to its default dimensions as a consequence
of recovery. With an increase in pre-strain, there occurs a par-
allel rise in stress associated with slip and dislocation move-
ment [11]. As per ASTM E3098, the procedure followed for
pre-straining the SMA has been outlined in figure 2.

In this paper, the attention is focused on the SMA -
reinforced polymer composites. Polymer matrix-based com-
posites materials with high-performance fibers such as carbon
fiber, glass fiber, and Kevlar fiber have already been in use.
The performance of these composites can be managed in vari-
ous ways, such as the arrangement of reinforcing materials,
curing, and by other external conditions (figure 3). The use of
smart materials has created new ways to modify the mechan-
ical properties of the composite. They can be reinforced with
conventional advanced fibers for making hybrid composites.
The concept of SMA -based hybrid composites (SMAHCs)
was first proposed by Rogers et al [12]. Initially, SMAHCs
were fabricated by reinforcing the SMA wires/strips in the
epoxy matrix. SMAs were integrated with structure by bond-
ing on the surfaces, either by directly embedding into the mat-
rix [13] or reinforcing through the sleeves to govern the buck-
ling of the host structure [14] (figure 4). Some of the paramet-
ers have been compared for sleeve -based and directly embed-
ded SMA composites in table 1.

The actuation frequency from SMA can be achieved up to
100 Hz by increasing their surface area governing its band-
width. With an increase in surface to volume ratio (SA/V
ratio); the cooling performance (or response time) improves.
With the same cross-sectional area, SA/V value concerning
cylindrical configuration are 100%, 113%, and 132% for the
cylinder, square prism, and rectangular prism, respectively.
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Figure 1. Application domain of shape memory alloys.

Figure 2. Procedure for pre-straining the shape memory alloys.

A significant rise in SA/V value can be attained from a thin
material. However, there are manufacturing difficulties asso-
ciated with the non-cylindrical form and may also reduce the
fatigue life due to the sharp edges [16]. Thus, by linking of
SA/V ratio to interfacial bonding, it is expected that more lat-
eral surface area will provide better bonding with the matrix
as well as heat transfer (cooling in case of resistive heating)
from SMA to the matrix.

Thermoset -based polymer matrix composites are hybrid-
ized to improve the brittle nature of the matrix and low strain
to failure characteristics. The hybridization with more robust
fibers is also a design concept to design new hybrid com-
posites to increase impact strength. The robust graphite fibers
are utilized to augment the load-bearing capacity. The hybrid
composite made of graphite/epoxy with Kevlar or S-glass

Stacking sequence,
fiber and matrix material,

fiber surface, and
fiber orientation.

Pre-stressing,
environmental effects, and

thermal stresses.

Structural 
Stiffness 

Total
Stiffness 

Acquired 
Stiffness 

Figure 3. Key parameters controlling the structural and acquired
stiffness of polymer matrix composite.

fibers has shown moderate improvement in impact strength.
However, the mechanical properties of graphite/epoxy com-
posite may be improved significantly by hybridizing them with
SMA fibers. Strain energies in common engineering materials
such as Kevlar fiber, graphite, and glass fiber are in the range of
13 to 131 MJ/m3, and metals such as aluminum and steel have
strain energy at a yield in the range of 0.689 to 4.13 MJ/m3. On
the other hand, SMAs have the highest strain energy of about
127.5 MJ m−3[17]. Polymer matrix-based advanced com-
posites such as graphite/epoxy and glass/epoxy have enough
potential to enhance the performance by integrating with SMA
along with other fibers. SMA -reinforced polymer composite
structures have been used for shape and position control, vibra-
tion control and acoustic properties, impact damage, and creep
control in structures [18–20].

Mechanical properties of SMAHC and its structure depend
upon the pre-strain of SMA, pre-treatment, the volume frac-
tion of SMA, location of SMA with respect to the neut-
ral plane, host matrix material, constraining condition of the
matrix, as well as on the boundary conditions. A great variety
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(a) SMA wires bonded on the composite plate in straight
conguration and zig-zag arrangement [15].

Sleeve SMA Wire SMA WireEpoxy

Epoxy

(b) SMA embedded into composite through sleeves and
without sleeves.

Figure 4. Illustration of integration of shape memory alloy.

of SMA -based hybrid composites (SMAHC) is possible with
the use of continuous SMA or discontinuous SMA. Continu-
ous SMA fibers create higher strength and modulus in the fiber
direction of composite and are generally weak in the transverse
direction. Nevertheless, there are few drawbacks in embedding
continuous SMA, such as interfacial failures on the actuation
of SMA and high residual stress. The discontinuous SMAs are
useful in dispersing the residual stresses in a composite. These
can be economically fabricated using hand-layup techniques.

A vital aspect that limits the application SMA -based poly-
mer composite is debonding at the SMA-matrix interface.
The various methods [21] to enhance the bonding strength in
such composites are summarized in table 2 along with relative
capacities.

In this decade, many review papers have been published on
application of shape memory alloy materials for shape morph-
ing, applications, and opportunities [22–24]. The recent salient
research areas concerning the SMA -embedded composite are
summarized in table 3.

This review paper explores the design and fabrication
of SMA embedded polymer composites related explicitly
to continuous and discontinuous SMA -embedded polymer
matrix composites and their characteristics. Section 2 dis-
cusses the shape memory effect and various prominent mod-
els governing the same. Section 3 presents various con-
stitutive relations developed for SMA reinforced compos-
ites. Section 4 gives an overview of design parameters and
issues associated with the fabrication of continuous SMA
embedded polymer composites along with their applications.
Section 5 discusses the fabrication techniques and engin-
eering applications of discontinuous SMA -embedded com-
posites. Section 6 explains the challenges associated with
SMA -based polymer composites, and finally, the conclusions,
along with certain directions for future work, are suggested in
section 7.

2. Comprehensive review of shape memory alloy
material

SMA displays properties of shape memory effect (SME) and
superelasticity/pseudoelasticity. These properties are manifes-
ted by martensite (face-centered cubic (FCC) structure) and
austenite phase (body-centered cubic (BCC) structure), which
are interconvertible with each other under specific thermo-
mechanical conditions. Shape memory effect, as shown in
figure 5(a), is the ability of the material to recover the pre-
defined shape without undergoing plastic deformation due
to the change in a specific temperature range. SME is also
known as an active mode of material since external energy
is supplied to heat the material to reach austenite finish tem-
perature and regain its parent configuration. SMA also have
superelastic properties that are stress-dependent only. Here the
material is in the austenite phase at room temperature, which
upon loading transforms to stress-induced martensite and upon
unloading transforms to austenite with strain recovery. SMA
in the austenite phase, while undergoing cyclic stress, forms
a hysteresis loop. Hysteresis can be regarded as an outcome
of the movement of the twin boundaries. Phase transform-
ations of SMA between austenite/martensite and between
twinned /detwinned martensite are illustrated in figure 5(a)
under various stress and temperature conditions. Internal fric-
tion is developed as a result of interface dislocation movements
between the austenite and martensite phases. The co-existence
of austenitic and martensitic phases are the source of damping
in SMA.

The one-way SME is related to memorizing the shape at
austenite phase (high temperature) only. Hence, the deforma-
tion imparted during the martensite phase is fully recovered
upon heating, leaving no memory of the low-temperature
phase, as evident from figure 5(b). Besides, the shape
memory alloy also displays reversible or two-way SME by an
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Table 1. Comparison between sleeve-based and directly embedded
SMA composite.

Parameter Sleeve-based Directly embedded

Transfer of strain No transfer of strain
from SMA wire to
matrix.

Transfer of strain
from SMA wire to
matrix.

Strain in SMA is
independent of the
limitations of ply
strain < 0.5%.

Due to the integrity
of the host structure,
ply strains of the
composite are low
with an elastic range
of the SMA (0.5%).

Modulus of com-
posite is dependent
upon temperature and
strain.

Change in modulus
from EM to EA is
only dependent upon
temperature.

Volume fraction and
adhesion

Volume fraction is
not limited as no
dependency on adhe-
sion.

Volume fraction
is limited due to
dependency on adhe-
sion.

No role of adhesion. Maximum adhesion
is needed.

Boundary conditions Limited to fixed-
fixed.

Not limited.

Mass Matrix No contribution in
mass matrix.

Contribution in mass
matrix.

Natural frequency Recovery force works
against the constraint.

Recovery force
against the matrix and
natural frequency is
affected significantly.

Less recovery force is
required for the same
change in natural
frequency.

More recovery force
is required for the
same change in nat-
ural frequency.

Suitability Not feasible for rotat-
ing structures.

Feasible for rotating
structures.

Table 2. Conventional surface treatment methods performed on
SMAs to enhance bonding with a matrix in a composite.

Methods Relative bonding enhancement

Torsion-induced roughness +++++
Sandblasting ++++
Silane-based adhesives +++
Electrochemical deposition ++
Hand sanding ++
Acid etching +

appropriate combination of thermal and mechanical training.
This enables the SMA to recall both high temperature (aus-
tenite phase) and low temperature (martensite phase) shapes.
As a consequence, thus, just by varying the temperature, the
material can achieve the trained shapes without the application
of external load, as shown in figure 5(c). The various tech-
niques to obtain two-way SME can be categorized as over-
deformation, cool-deform-heat cycle, repeated pseudoelastic
(PE) cycling, combined SME-PE cycling, constant strain-
temperature cycling and are discussed in [35, 36].
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(a) Illustration of shape memory effect and
superelastic behavior of SMA.
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(b) One-way shape memory effect.

High temperature phase
   (Austenite)
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   (Martensite)

Cooling
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Lo + ΔL1

 (ΔL1 < ΔLo)

‹ ›Post-cyclic
training

(c) Two-way shape memory effect.

Figure 5. Ilustration of behavior of the shape memory alloy.

Many phenomenological models developed for character-
izing the thermomechanical behavior of SMA are summar-
ized in table 4. Tanaka [37] (1986) proposed a 1-D model
with martensite as a single internal variable and considered
exponential function for variation of martensite fraction.
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Table 3. Prominent research areas of SMA-embedded composites.

Research area Utility

Bi-stable composite laminates Shape morphing in aerospace structures, wind turbines, automobiles [25].
Electrochromism Stretchable photonic crystal for dynamic camouflage such as anti-counterfeiting treatment,

biomedicine [26].
SMA-bonding with composite matrix Influence on deformation behavior of SMAs within the composite [27].
Marine Propellers Improving the hydrodynamic efficiency using blade twist control [28].
Mechanical properties enhancement Improving impact response, shape morphing and crack closure [29, 30].
Predicting actuation properties Estimating actuation stroke and recovery of an SMA composite actuator [31].
Buckling response of composite shells Predicting the amount of pre-strain and the number of embedded SMA wires to prevent buck-

ling of thin walled shells [32].
Fatigue behavior Fatigue failure mode and damage mechanisms [33].
Self-healing characteristics Crack healing without the need of external force [34].

Material properties were assumed to be constant during the
entire phase transformation. After a brief gap, Liang and
Rogers [38] proposed cosine function, in place of an expo-
nential function. Two internal variables, governed by cosine
functions, were proposed by Brinson [39] for the transform-
ation of twinned and detwinned martensite. Material proper-
ties were not constant during phase transformation. Boyd and
Lagoudas [40] proposed a constitutive model based on free
energy and heat dissipation ability. General plasticity was con-
sidered by Auricchio et al [41] for modeling pseudoelasticity
and shape memory effect. Auricchio and Sacco [42] formu-
lated the models for the internal variable concerning strain
and temperature instead of stress and temperature, as proposed
by previous scientists and engineers. Bekker and Brinson [43]
formulated a model for possible paths with cosine functions
for phase transformation in stress-temperature space.

2.1. Modelling with multiple martensites

Figure 6 illustrates the stress-temperature phase diagram con-
cerning the Brinson model [39]. At the temperature-axis, the
intercept of lines represents the transformation temperature at
zero stress condition. There are regions on the graph that rep-
resent the pure phase and co-existence of multiple phases. It is
assumed that transformation temperature varies linearly with
stress. The stress influence coefficients (CM and CA) symbol-
izes the slopes of martensite and austenite phase lines, respect-
ively, and the influence of stress on the shifting of transform-
ation temperatures. The critical stress corresponding to the
start of transformation (from 100% twinned martensite) to
the finish are represented by σcrs and σcrf , respectively. The
behavior of SMA is dependent upon the multiple martens-
ite volume fractions. There are two types of martensite, one
is stress-induced de-twinned martensite (ξs), and the other
temperature-induced twinned martensite (ξT ). So, the total
martensite volume fraction can be expressed as follows.

ξ = ξs+ ξT. (1)

Stress-induced de-twinned martensite (ξs) is a function of
stress and temperature.

Brinson proposed the stress in terms of stress-induced
martensitic volume fraction following the below equations.

Detwinned
Martensite

Plastic
region

100%
Austenite

S
tr
es
s

Temperature

Twinned
Martensite

σ cr

σ cr

CM

CA

Mf Ms As Af

Region 2

Region 1

Re
gi

on
 3f

s

Figure 6. Illustration of transformation behavior of SMA with
stress and temperature in accordance with the Brinson model.

σ−σ◦ = E(ε− ε◦)+Ω
(
ξs− ξS◦

)
+ θ (T−T◦) (2)

where (σ◦,ε◦,T◦, ξ◦) represent the initial state and Ω is the
transformation coefficient, θ is thermal expansion coefficient
and E is the modulus of elasticity calculated using the rule of
mixture as

E{ξ}= EA+ ξ(EM−EA) . (3)

Transformation coefficient can be defined as

Ω=−εLE (4)

where, εL is the maximum residual strain.
Conversion to detwinned martensite
For T > Ms (region 1 in figure 6),

σcrs +CM (T−Ms)< σ < σcrf +CM (T−Ms)

ξS =
1− ξs◦

2
× cos

[
π

σcrs −σcrf

{
σ−σcrf −CM (T−Ms)

}]

+
1+ ξs◦

2
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Table 4. Features of prominent SMA models.

Authors Features

Tanaka [44] Young’s modulus, E= EA = EM
Sato and Tanaka [45],
Liang and Rogers [38]

Martensite and austenite phases are operating in parallel along the wire. Elastic modulus, E(ξ) = ξEM+
(1− ξ)EA

Ivshin and Pence [46]
Auricchio et al [47]

Martensite and Austenite phase are operating in series. Elastic Modulus, E(ξ) = EAEM
ξ(EA−EM)+EM

Brinson [39] Martensite fraction is divided into temperature-induced and stress- induced parts.
Bekker and Brinson [43] Described martensite fraction transformation due to thermomechanical loading.
Aurricchio et al [48] For temperature higher than Ms, only austenite and single variant martensite is considered. This single

variant martensite was taken as a single independent variable.
Nallathambi et al [49] Proposed thermodynamically dependent three-phase model: austenite, plus-martensite and, minus-

martensite.
Marfia and Rizzoni [50] Studied the axial and bending behavior considering different behavior in tension and compression.

EA - Modulus of austenite
EM - Modulus of martensite
ξ- Martensite volume fraction.

ξT = ξT◦ −
ξT◦

1− ξS◦
(ξs− ξS◦). (5)

For T < Ms, σcrs < σ < σcrf (region 2 in figure 6)

ξs =
1− ξs◦

2
× cos

[
π

σcrs −σcrf
(σ−σcrf )

]
+

1+ ξS◦
2

. (6)

Expression for calculating ξT as in the Brinson model was
modified by Sayyaadi et al [51]

ξT =∆Tε −
∆Tε

1− ξs◦
(ξs− ξS◦). (7)

Here, if Mf < T<Ms and T< T◦

∆Tε =
1− ξS◦ − ξT◦

2
cos [aM(T−Mf)] +

1− ξS◦ + ξT◦
2

where, aM =
(

π
Ms−Mf

)
else, ∆Tε = ξT◦.
Conversion to austenite
For T > As,
CA (T−Af)< σ < CA (T−As) (region 3 in figure 6)

ξ =
ξ◦
2
{cos

[
aA

(
T−As−

σ

CA

)]
+ 1} (8)

where aA =
(

π
Af−As

)
ξs = ξs◦ −

ξs◦
ξ◦

(ξ◦ − ξ) (9)

ξT = ξT◦ −
ξT◦
ξ◦

(ξ◦ − ξ) (10)

where ξs◦ and ξT◦ are the initial stress-induced and temperature-
induced martensite volume fractions.

2.2. Constitutive relations in differential form

Stress increment in SMA fiber is expressed in terms of deform-
ation under the elastic limit, change in stress-induced martens-
itic (dεs) and thermal expansion (αf ) as below [52].

dσf = Efdεf− εLEfdξ
s−EfαfdT (11)

where Ef and αf are non-constant material functions depend-
ing upon martensite volume fractions.

Ef(ξ) = (1− ξ)EA+ ξEM (12)

αf(ξ) = (1− ξ)αA+ ξαM. (13)

For shape control, strain is made as an independent variable
as given below:

dεf =
1
Ef
dσf+ εLdξ

s+αfdT. (14)

Stress-induced martensite depends on stress and temperat-
ure, and volume fraction (ξs) can be expressed as;

dξs =
∂ξs

∂σf
dσf+

∂ξs

∂T
dT. (15)

Replacing (dξs) into equation (11)

dσf =
Ef

1+ εLEf
∂ξs

dσf

[
dεf−

(
εL

∂ξs

∂T
+αf

)
dT

]
. (16)

Strain in SMA by replacing (dξs) into equation (14)

dεf =

(
1
Ef

+ εL
∂ξs

∂σf

)
dσf+

(
εL

∂ξs

∂T
+αf

)
dT. (17)

Heat transfer formulation:

SMAs can be activated through Joule heating by applying
voltage (V) for actuator applications. For mathematical formu-
lations, only heat dissipation by convective heat transfer (h),

7
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heat capacity (Cp) and heat correlated to enthalpy (∆H) for the
phase transformation (martensite to austenite) have been con-
sidered for simulating the temperature of the SMA as below
[53, 54]:

V2(t)
Rw

= hAsur {T(t)−Ta}+mCp
dT
dt

+m∆H (18)

where Rw, Ta and m are electrical resistance, ambient tem-
perature and mass of the wire, respectively. The resistance of
SMA wire is dependent upon volume fractions of martensite
and austenite.

The cooling of SMA after Joule heating can be expressed
as

hAsur {T(t)−Ta}+mCp
dT
dt

+m∆H= 0. (19)

3. Constitutive relations for SMA reinforced
composite

Rogers and Robertshaw [55] proposed the concept of embed-
ding the SMA in composites. The behavior of SMA -reinforced
composites depends upon the interaction of SMA with matrix
in the following situations:

1. Without the recovery of SMA: only active modulus
2. With constrained/restrained recovery of SMA with tem-

perature: SME effect
3. With constrained/restrained recovery of SMA at constant

(higher) temperature: pseudoelasticity effect

Analysis of SMA -embedded composites is quite com-
plex due to the involvement of micromechanics and non-
linearity. The behavior of the SMA composite may be sim-
ulated by using composite constitutive relations based on
the volume fraction of SMA and matrix. Properties of SMA
are obtained for the volume fraction of martensite in SMA
by the rule of mixture. Numerous micromechanical meth-
ods are available to predict the behavior of SMA or SMA -
embedded composites [56]. Sullivan [57] proposed the model
for unidirectional SMA composites, and Birman et al [58]
proposed a model using a micromechanical approach. How-
ever, these micromechanical approach -based models are diffi-
cult to implement. A simplified model following the macro-
mechanics approach was developed by Turner [59], based
upon experimental measurements of basic engineering prop-
erties. Various models governing the response of continuous
SMA -reinforced composites are tabulated in table 5.

3.1. Constitutive relation for continuous SMA fiber-reinforced
composite

The increment in stress for a long fiber SMA composite can
be manifested by the rule of mixture [52] as

dσ = νfdσf+(1− νf)dσm. (20)

The subscript ’f’ denotes SMA fiber.
Constitutive relation for elastic matrix,

dσm = Emdεm−EmαmdT. (21)

By substituting equation (16) and equation (21) into equa-
tion (20), the incremental constitutive relation for the long
SMA fiber inelastic matrix composite can be obtained as fol-
lows:

dσ =

(1− ν f)Em+
νfEf(

1+ εLEf ∂ε
s

∂σf

)
dε

−

(1− νf)Emαm+
νfEf

(
εL

∂εs

∂T +αf

)
(

1+ εLEf ∂ε
s

∂σf

)
dT

(22)
where the incremental strains of the composite, fiber and mat-
rix have the following relationship:

dε= dεf = dεm. (23)

3.2. Constitutive relation for short-fiber reinforced composite

Mathematical models based on a micromechanical approach
known as the inclusion method of Eshelby [67] are developed
for SMA -embedded composites with an inelastic or plastic
polymer matrix. Wang et al [68] proposed a micromechanics -
based model for short SMA composites with an elastic epoxy
polymer matrix (table 6). The authors developed an equival-
ent inclusion model for composites reinforced with SMA short
fibers of the same size aligned along the axis. The model was
used to predict the transformation strain coefficient and the
thermal expansion coefficient. All the previous works for short
SMA composites indicate that Eshelby’s inclusion model with
models of SMA constitutive relations is a powerful method
for investigating short fiber composites. Wang et al [68] also
emphasized the role of aspect ratio and fiber volume fraction
of short fibers on the mechanical response. For Ms < T< As

and T > Af , the stress-strain curves of the SMA composites
were similar to SMA fiber. There was a difference in the beha-
vior of SMA fiber and SMA composites during unloading in
temperature range As < T < Af . At high aspect ratio, the
performance of short SMA -based composites was very sim-
ilar to SMA when the volume fraction of SMA escalated.
Critical stresses were enhanced with an increase in SMA
volume fraction, except austenite start stress. Phase transform-
ation zones were also squeezed as the fiber volume fraction
increased. The equivalent properties of the composites were
dominated by fiber volume fraction than the fiber aspect ratio.
Overall mechanical response of the composite was appre-
ciable at aspect ratio above ten. Lei et al [69] investigated the
effect of the unidirectional random distribution of SMA short
fibers based on Eshelby’s equivalent inclusion and the Mori-
Tanaka scheme. Three-phase equivalent system and two-step
equivalent process were considered for evaluating the elastic
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Table 5. Comparison of proposed models for continuous SMA-reinforced composites.

Authors / year
Modelling
Approach Material Details

Boyd and Lagoudas [56] Mori-Tanaka Elastomer matrix composites For unidirectional fiber. Considered for
transformation temperatures, thermal
expansion coefficient and transformation
strain coefficient.

Ostachowicz et al [60] FEM 8-layered carbon-epoxy plate Numerical simulations for evaluating
the effect of SMA fibers on natural fre-
quency of SMA embedded composite.

Turner [59] Equivalent thermal expansion
coefficient

Graphite epoxy Recovery stress was calculated using this
CTE over a temperature range. Buck-
ling analysis and dynamic analysis was
performed.

Balapgol et al [61] No variants of martensite GFRP, elastomers A non-linear FEM for free vibration ana-
lysis of laminated composites thermally
actuated. Vibration is more affected by
the position of SMA from neutral axis.

Sharma et al [62] Variational asymptotic analysis
for self-healing

CFP and SMA Four layered composite lamina was ana-
lyzed using variational asymptotic ana-
lysis for self-healing of the composite.
Wire size was optimized without com-
promising the crack closure force for
healing.

Ryu et al [63] Elastic prediction transformation
correction method was used for
martensite volume fraction.

GFRP with SMA and silicon
rubber

Numerical simulation and experimental
study for compliant material such as sil-
icon rubber for improving more achiev-
able deformation.

Cho and Rhee [64] Nonlinear FEM SMA epoxy Simulation of SMA-reinforced graphite
composites.

Khalili et al [65] Concepts of 2D spring-mass
system and linearized contact
law

CFRP and GFRP The effect of embedding SMA wires into
laminated CFRP and GFRP beams on
the impact behavior was studied.

M. Chang et al [66] Modified Hashin failure cri-
terion, Brinson model, and a
visco-hyperelastic model.

SMA-reinforced glass
fiber/epoxy composites

Numerically studied the impact resist-
ance at varying frequencies and amp-
litudes.

modulus and thermal expansion coefficient. The high aspect
ratio was dominant for elastic modulus.

Based on the incremental approach to stress and temper-
ature, Murasawa et al [52] proposed a model for short SMA
composite based on a shear lag model considering the interac-
tion between the fibers and matrix. In this model, short SMA
fibers were aligned along the direction of load application, as
shown in figure 7. This can be visualized as two-cylinder con-
figuration in which the homogenized matrix (length L, dia-
meter D) encloses a short SMA fiber (length l, diameter d). It
was assumed that the incremental deformation in both matrix
and fiber is linear, and the material properties are a function of
average stress. Upon application of load, the tensile and shear
stresses are induced in fiber and at the fiber-matrix interface,
respectively.

The distribution of the incremental stress along the fiber in
terms of average stress in the short fiber can be expressed as

dσf =
Ef

1+ εLEf
∂ξSavg

dσf
avg

{
dε−

(
εL

∂ξSavg
∂T

+αf

)
dT

}
C (24)

Matrix

Fiber Dd

l

L

Load

Shear

z

r

dz

Load

Figure 7. Configuration of the shear-lag model for aligned short
fiber-reinforced composites [52].

where ‘C’ is a function of average stress in SMA, the geometry
of SMA fiber, recovery strain limit and modulus of SMA.

The incremental stress of the short fiber SMA composite is
expressed by the rule of mixture
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Table 6. Comparison of proposed models for short SMA fiber-reinforced composites.

Authors
Modelling
approach Material Details

Wang et al [68] Eshelby’s model and Mori-
Tanaka

Epoxy matrix with aligned short
SMA

Predicted the effect of SMA volume
fraction and aspect ratio on transforma-
tion critical stress of composites.

Murasawa et al [52] Elasto-plasticity and Shear-lag
model

Polycarbonate Simulated the behavior of short SMA
fiber embedded polycarbonate compos-
ites.

Zhang et al [70] Halpin-Tsai model Epoxy resin with Short SMA
fiber or SMA particles.

Flexural properties and dynamic mech-
anical properties were simulated and
experimentally investigated.

Lei et al [69] Eshelby model and Mori-Tanaka
approach

Unidirectional random distribu-
tion of SMA in epoxy

Calculated elastic modulus and thermal
expansion coefficient. The failure occurs
due to debonding of interface and SMA
in short fiber reinforced composites.

Lei et al [71] Cohesive zone model Superelastic NiTi alloy in epoxy
resin.

Investigated the shear and ultimate
strength at the fiber-matrix interface
on the basis of tensile tests aided by the
Monte-Carlo method.

Khalili et al [72] Representative volume element
method (RVE) with modelling of
interface region using Cohesive
zone model.

Epoxy matrix with straight and
oblique short SMA.

Mechanical properties was reduced for
low aspect ratio. Reduction of 9% in the
axial modulus and enhancement of 10%
in transverse was found for 15◦ oblique
wires.

Khalili and Saeedi [73] RVE with the Eshelby model
and Mori Tanka approach.

Epoxy matrix with randomly
oriented pre-strained short SMA
fiber with aspect ratio upto 35.

Predicted elastic properties of composite.
Elastic modulus was improvedby 20%
and 12% due to aspect ratio and pre-
strain, respectively.

dσ = νfdσ
f
avg+(1− νf)dσ

m
avg (25)

where dσfavg and dσmavg are the average incremental stress of the
SMA fibers and matrix, respectively. ν f is the volume fraction
of SMA fibers of length ‘l’ in the composite.

dσfavg =
2
l

ˆ l/2

0
(dσf)dz

dσfavg =
E

′

f

1+ εLEf
∂ξSavg

dσf
avg

{
dε−

(
εL

∂ξSavg
∂T

+αf

)
dT

}
(26)

where E
′

f is a function of average SMA modulus and constant
‘C’ as in equation (24).

Substituting the incremental strain in the composite into the
constitutive equation of matrix equations, the average incre-
mental equation of the matrix can be written as:

dσmavg = Emavgdε−Emavgαm dT. (27)

Hence, the incremental constitutive equation for short fiber
SMA elastic matrix composite can be drafted by substituting

equation (26) and equation (27) into equation equation (25) as
follows.

dσ =

(1− ν f)E
m
avg+

νfE
′

f(
1+ εLE

f
avg

∂ξSavg

dσf
avg

)
dε

−


{
(1− ν f

)
Emavgαm+

νfE
′

f

(
εL

∂εs

∂T +αf

)
1+ εLE

p
avg

∂ξSavg

∂σf
avg

dT. (28)

Numerical analysis was performed for several volume frac-
tions in the range of 5% to 30% for the aspect ratio of 10. In
another case, the aspect ratio was varied from 5 to 25 for the
volume fraction of 4%. Initially, there were residual stresses
in the composite due to loading and unloading. In the absence
of residual stress, internal stress and deformation of the com-
posite were intensified in the composite before heating. The
aspect ratio has a very small effect on both of these. However,
the transformation temperature of short SMA fiber was found
to be changing with aspect ratio.

3.3. Storage modulus and loss factor of short SMA circular
fiber embedded layer

The elastic modulus for discontinuous unidirectional fiber-
reinforced composites can be obtained using the Halpin-Tsai
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equation [74, 75]. The modulus of fiber-reinforced polymer
matrix composites in the longitudinal (EL) and transverse dir-
ection (ET ) can be expressed as

EL =
Em(1+ 2ζηLνSMA)

1− ηLνSMA
, (29)

ET =
Em(1+ 2ζηTνSMA)

1− ηTνSMA
, (30)

where νSMA is a volume fraction of SMA wire, L and D are the
lengths of SMA short fiber and diameter of SMA wire, aspect
ratio, ζ = L

D = 2 for the circular cross-section and Em is the
polymer matrix modulus.

The parameters ηL and ηT in the above equations represents

ηL =

(
ESMA
Em

)
− 1(

ESMA
Em

)
+ 2ζ

;ηT =

(
ESMA
Em

)
− 1(

ESMA
Em

)
+ 2

. (31)

Modulus of SMA composite with randomly oriented dis-
continuous fibers in two dimensions can be expressed as:

EC =
3
8
EL+

5
8
ET. (32)

4. Continuous SMA embedded polymer composites

Continuous SMAs are readily available commercially in dis-
tinct configurations, such as wires, ribbons, and even thin
films. Using these forms of SMA, a great diversity of SMA
hybrid composites can be designed and fabricated using con-
ventional composite fabrication procedures along with addi-
tional fixtures for embedding the SMA fiber. Continuous SMA
wires were embedded in the polymer matrix [76] composites
with carbon fiber [77, 78], glass fiber [77, 79, 80], Kevlar fiber
composites [81–84]. The SMA ribbon was embedded with
glass fibers [85]. Detailed features of continuous SMAHC are
discussed in the following sections.

4.1. Design parameters

SMA -based composite design is primarily dependent upon
the properties of the matrix and SMA fiber and the corres-
ponding volume fractions, as shown in figure 8. SMAs have
both active and passive properties. Active and passive SMA
composites are designed with SMAs based on shape memory
effect and pseudoelastic properties, respectively. In the pass-
ive mode, the SMA fibers are inserted to strengthen the PMC,
store strain energy, and increase the residual stress by inhib-
iting the crack propagation. In an active mode, the SMAs in
composites are actuated either by heating the SMA in a high-
temperature environment or by resistive heating of SMA. The
phase transformation begins above the austenite start temper-
ature, which increases the stiffness. The recovery stresses gen-
erated by the SMA wires depend upon the compliance of the

Figure 8. Schematic representation of important parameters in
SMA-embedded polymer composite for achieving shape control and
desired material properties.

surrounding matrix in a direct embedding situation. The low
compliance of matrix permits us to induce a high level of shear
force. Due to resistive heating, SMA shrinks and therefore
generates a large shear force (tension/compression) along the
longitudinal dimension. These shear loads affect the stiffness,
vibrational behavior, and shape of the composite.

Directly embedding the SMA within the polymer matrix
leads to the situation of overheating and damage to the mat-
rix. Hence, it is preferred to embed SMA through sleeves
allows creating insulation with the surrounding matrix. There
are various factors such as constraining matrix, level of pre-
strain, interfacial bonding, the arrangement of SMA, and size
of SMA, which affects the levels of compressive stresses
SMAHC during heating. However, by directly embedding
SMA into composites, various actuation and sensing function-
ality can be imparted to the polymer composites. There are two
techniques to modify properties of SMA -based hybrid com-
posites while using shape memory effect of SMA in active
mode as given below [12]:
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1. Active Property Tuning (APT): In this technique, the
SMA without plastic deformation is incorporated to raise
the stiffness of the hybrid composite. The change in stiff-
ness is due to change in modulus of SMA with the trans-
formation of martensite into austenite directly, without
transforming into detwinned martensite.

2. Active Strain Energy Tuning (ASET): In this technique,
the SMA with plastic deformation is used for embedding
into polymer composites. Detwinned martensite phase is
available in plastically deformed SMA. Pre-strained SMA
tries to recover its shape that produces the internal forces.

Active property tuning (APT) increases the modulus of
elasticity and tensile strength. There is an appreciable require-
ment of volume fraction of unstrained SMA. Internal forces
are not produced with th e unstrained. However, Active strain
energy tuning (ASET) is beneficial due to the use of pre-
strained SMA. A smaller volume fraction of SMA fiber is
desired in ASET. Significant internal compressive stresses
are generated throughout the structure. In passive applica-
tion, there is no need for external energy/stimulation required
for the actuation of superelastic SMA wire in which austen-
ite finish temperature is close to ambient temperature. Stress-
induced transformation occurs in SMA, and polymer compos-
ite deforms under stress and tries to return to the original shape
when the load is released partially. The damping effect in poly-
mer composites is enhanced due to superelasticity. In the early
phase of SMA -based smart composites, weaving SMA wires
have been reported by using the woven SMA fabric of SMA
wires of 150 µm in diameter [86]. For instance, by assimilat-
ing SMAs into conventional glass/carbon fibers, various multi-
functional properties can be imparted to a section of textile
fabric.

4.1.1. Effects of the constraining matrix. The constraining
matrix plays a crucial role in improving the functional proper-
ties of the SMAHC. The polymer matrix constrains long SMA
fibers. Constrained SMA in continuous configuration works
against the stiffness of the matrix. Psarras et al [87] described
the importance of the secure interface between the SMA wire
and matrix. Interfacial bonds should be strong enough so
that stresses could be transmitted to the matrix material. Jon-
nalagadda et al [88] observed that SMA-polymer adhesion was
a good source of increasing the bond strength, enhancing the
interfacial shear stress induced in the matrix.

4.1.2. Effects of pre-strain and volume fraction on the recov-
ery force. The recovery forces are generated by the SMA
while regaining its pre-strained elongation under temperature
higher than austenite start temperature [89]. These forces are
proportional to the pre-strain of the single element of SMA.
The total recovery force corresponds to the volume fraction of
SMA within the composite. The recovery of stress was slower
at high pre-strained value. An appreciable amount of SMA
volume fraction is essential for an observable recovery force.
Residual stresses in the composite are generated due to the cur-
ing of the thermoset polymer. Psarras et al [87] observed that

Normal SMA wire

Sparse indented SMA wire

Densely indented SMA wire

Figure 9. Configuration of indented SMA wires.

with the rise in SMA volume fraction, the residual compressive
stress diminishes. Generally, SMAs are fixed in a frame to stop
contraction of the wire during curing of the thermoset polymer
matrix of the composite. In this situation, the tensile stresses
are developed and transmitted to the neighboring fibers. Aoki
et al [90] experimented with epoxy resin matrix beams with
embedded reinforced Ti-Ni SMA fibers. The high volume frac-
tion of SMA into composite results in the weakening of inter-
facial bonding and also induces matrix cracking, delamination,
and de-bonding between the SMA and matrix under bending
test [91].

4.1.3. Interfacial bonding. Interfacial bonding in SMA
embedded composite is responsible for effective load transfer
through SMAHC. Generally, such composites have the limit-
ation of the weak interface between the SMA fiber and mat-
rix [91]. Jonnalagadda et al [92] applied surface treatments
such as acid etching, hand sanding, sandblasting, plasma treat-
ing, and silane coating on the NiTiNOL wires to investig-
ate the load transfer from SMA to the polymer matrix. It has
been observed that bond strength enhanced by 189% due to
sandblasting over the untreated wire. Ogisu et al [93] used
10% NaOH to treat the carbon fibers for CFRP. Epoxy adhes-
ive films were employed to elevate the adhesion between the
CFRP laminates, and SMA (NiTi) foils [94, 95]. Laser shot
penning methodology was also used to enhance the interfa-
cial properties by improving the interfacial bonding [96]. Also,
clearing the elliptic patterns from the SMA ribbon inserted in
a glass fiber composite can significantly improve the adhesion
and damping response [97]. Many researchers also focused
their research on improving the interfacial strength by creat-
ing micro-geometries and depositing nails on the surface of
the SMA [98]. Nails on the surface displayed a 36% improve-
ment in the interfacial resistance. SMA wire -embedded glass
fiber reinforced composites were developed [91] and found
to have improved bond strength after treating the SMA with
acid and nano-silica particles. Touching upon other methods,
a mechanical indentor was designed to create a uniform wavi-
ness pattern using knurled wheels on the surface of SMA wire,
as shown in figure 9. Based on the wire pullout test performed
on such indented SMA wires embedded in the vinyl-ester mat-
rix, the interfacial bond strength is improved in comparison to
a hand-sanded SMA wire composite by a factor of 5.21 and
8.58 for sparse and densely indented SMA wire composite,
respectively [21].

H. Fathi et al [99] analytically and experimentally
examined the stress distribution along the interface using the
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minimum complementary energy principle in a two-cylinder
model. It was concluded that a high value of pre-strain in SMA
wire delays the debonding due to induced recovery stress.
Additionally, the authors [100] also studied interfacial prop-
erties of SMA/epoxy composite at various crosshead speeds
in a pullout and tensile test. The results indicated that a high
loading rate reduced the tensile strength but elevated the inter-
facial shear strength. Zhang and Mi [101] explored the coating
of SMA wire with nano-silica particles after being immersed
in nitric acid for 8 hours. This method improved the interfacial
bonding in NiTi SMA fiber-reinforced polymer composites by
reducing the crack propagation due to coupling among nano-
silica particles, SMA rough surface, and matrix.

4.1.4. Arrangement of SMA in the composite and size of the
SMA.

1. Location of SMA in the composite: SMA location in the
composite has been effective in achieving a specific out-
put, such as shape change in the longitudinal or transverse
direction, as shown in figure 10. SMAs are placed along
the neutral axis or symmetrically in the cross-section of
the plate to achieve active property tuning. The contrac-
tion of SMA applies a compressive recovery force over
the entire cross-section in a dynamic situation [102]. The
offset location of SMA develops a bending moment that
can be utilized to impart shape morphing characteristics
to SMAHC structures. This type of ASET is required for
active shape control (ASC). Sun et al [103] analyzed the
low-velocity impact on a laminated composite plate with
SMA wires embedded in the top and bottom lamina. It was
observed that an impact away from plate boundaries has
better resistance to deformation due to the dominant super-
elastic effect as compared to an impact near the edges.

2. Size of the SMAwire: SMA wire diameter for reinforcing
into a composite is very crucial to apply recovery forces
and transmitting the same to the matrix. The SMA wire
with a large diameter will apply a very high amount of
recovery force, which can be a cause of the interfacial fail-
ure and can damage the matrix. The thin SMA wire will not
be able to provide a substantial amount of recovery force,
which can be transmitted to the matrix material. Thin wires
provide more surface area in comparison to large diameter
wires for adhesion within the matrix. Sharma [62] optim-
ized the wire diameter that can supply the required com-
pressive force during the healing process in the composite
structure. The objective was to achieve a minimal mass
of SMA wires without any effect on the resistive heating.
It was concluded that the 100 µm diameter wire causes a
minimum weight increase. However, now there is a trade-
off that a number of smaller diameter wires are required
that can result in a considerable weight penalty.

3. Orientation of the SMA wire: The orientation of
SMA wires determine the direction of recovery forces
applied within the composite. It makes the structure
direction-dependent. The direction of the SMA wire is
highly sensitive to shape control applications. Zaman

SMA Wire

(a) SMA wire at
neutral axis.

(b) SMA wire
symmetrically located

away from neutral axis.

(c) SMA wire at offset
position from neutral

axis.

(c) SMA wire away
from neutral axis in I-

section.

Figure 10. Schematic representations of SMA wire locations in the
cross-section of a laminated composite.

et al [104] investigated the effect of the orientation of
SMA on the composite. The direction of the compressive
force applied by SMA transformed by changing the ori-
entation of SMA. This affected the stiffness other than the
SMA along the fiber. The natural frequency of the sample
reduced with 45◦ SMA fiber orientation, but the damping
ratio increased in comparison to the sample with 0◦ SMA
fiber orientation as shown in figure 11. Jang et al [105]
investigated the effect of the orientation of SMA fiber for
improving the strength of the SMA composite. They stud-
ied the effect stacking of CFRP layers at angles (0◦, 30◦,
60◦, and 90◦) of CFRP/NiTiNOL composites for fracture
behavior. In contrast, a specimen with high stacking angles
failed mainly by matrix cracking.

4.1.5. Fatigue behavior of SMA-reinforced polymer compos-
ite. Shape memory alloys endure through numerous cycles
of thermo-mechanical deformation that ultimately causes
fatigue failure. Such an event often occurs due to fracture
under the cyclic stress-strain at constant temperature and
thermal hysteresis, leading to degradation of SME and super-
elasticity [106].

In addition, SMA composites are also employed to
compensate for the fatigue of other structures. The SMA
reinforcement in thermosetting matrix composites is desired
due to their high impact absorption, corrosion resistance,
high strain recovery, and damping capacity. The patches of
such fiber-reinforced polymer (FRP) can also be retrofitted to
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(a) Variation of the first mode of vibration.

(b) Variation of damping ratio.

Figure 11. Composite GFRP with SMA in longitudinal direction 0◦

and at 45◦ [104].

bridge the fatigue cracks in engineering structures [107–110].
B. Zheng et al [111] prepared thermally activated SMA/CFRP
composite patches that can be bonded to crack-sensitive
regions of the steel structure substrate for extended fatigue
life. The SMA wires constraints the crack path by applying
compressive stress, and CFRP minimizes the stress contour
around the crack by offering additional stiffness. This integra-
tion enhanced fatigue life by 26 times under sinusoidal load-
ing. Z. Wang et al [33] investigated the fatigue behavior of
SMA/glass-fibre/epoxy composite using a tapered sinusoidal
signal as the fatigue cycle. It has been observed that fatigue
life almost doubled due to the incorporation of superelastic
SMA wire in comparison to only glass-fiber/epoxy compos-
ites. Thus, SMA wires are efficacious in improving fatigue
performance by resisting the cracking of matrix and inhibiting
the growth of the crack. Further, the scanning electron micro-
scopy (SEM) images revealed the similarity in the mode of
failure under the fatigue and static load. The fatigue failure
mode includes crack in the matrix, delamination, breakage of
fibers, shear failure of SMA-matrix bond, and the pull-out of
SMA wires.

4.2. Fabrication

Continuous SMA composites can be fabricated using conven-
tional hand-lay-up techniques while using the pseudoelastic
SMA wires. However, this is not possible with the use of act-
ive pre-strained SMA. The embedded continuous SMA recov-
ers its pre-strained shape while curing. Special arrangements
are required to be designed for fixing the SMAs at the end
to avoid the recovery of pre-strained SMA wire. The vacuum
bagging can also be considered in addition to the hand lay-
up technique. Initially, SMA composites were developed by
mechanically fixing the SMA on surfaces of elastic beams for
active vibration control [112]. Baz et al [113] reinforced SMA
using sleeves in a flexible beam to regulate the buckling and
vibration response. Residual stresses were developed during
the curing process. Turner [114] used SMA ribbons for the
fabrication of the glass fiber composite. Reverse transforma-
tion during the high temperature curing cycle was controlled
by designing a mechanical frame [115].

Xu et al [116] used SMA of a very high actuation temperat-
ure above the processing temperature to avoid the clamping of
SMA. A blocking system for SMA wire was avoided by using
polyester resin with a low curing temperature than the aus-
tenite finish temperature [117]. Kirkby et al [118] developed
a post-cure schedule that eliminated the need for a frame. A
frame was developed by Zhou et al [79] to ensure alignment of
SMA wires and desired spacing among the pre-strained wires.
Behrooz et al [119] designed a system using a rigid steel frame
consisting of adjustable and fixed rods that allows us to pre-
strain the SMA wire and successfully integrate them between
the composite laminates. SMA wire embedded glass fiber rein-
forced composites were also developed using vacuum-assisted
resin injection processing and cured at room temperature with
a vacuum level of 600 mbar for 24 hr. [91]. The interfacial
microstructure was strong enough to bear the maximum activ-
ation stress. This level of vacuum and room temperature cur-
ing has produced good interfacial bonding. However, there are
manufacturing difficulties and problems associated with the
development of residual stresses. A well-designed post-cure
cycle can avoid the reverse transformation situation and elim-
inate the need for a frame.

4.3. Applications

4.3.1. Shape control. This is a very promising area of con-
tinuous SMA application due to the high recovery force and
high contraction during phase change. There are many applic-
ations of shape control that can be found in space structure,
space antenna reflectors, and aerofoils shape morphing for
aerospace applications. Shape change of polymer composite
based structure with a good amount of force is required for
soft robotics applications as in the case of grippers. The large
volume fraction of continuous SMA is required to produce a
good amount of recovery force [120]. Soft morphing is also
an emerging technology for mimicking the compliant motion.
Sometimes the target is to achieve the desired shape, while in
other cases, it can be used for the control of buckling. The
continuous embedded system is beneficial for changing the
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shape of the structure without compromising the structural
stiffness [112]. Some experiments were done on elastomeric
cylinders with pre-strained SMA wires embedded eccentric-
ally [121]. Paine et al [122] designed a cylinder of the polymer
matrix composite with an SMA composite layer outside the
cylinder. The pre-strained SMA generated recovery stress to
produce external pressure on the inner layer of the cylinder to
reduce the radial expansion or reduce the peak hoop stress. The
durability of SMA embedded structures used for shape control
has been an issue for research [123]. Degradation in terms of
interfacial de-cohesion in these hybrid composites starts due
to cyclic actuation. Active shape control of structure for point-
ing accuracy with the use of embedded SMA was discussed
by Song et al [124]. The tip of the beam was moved to reach 7
mm deflection in 25 seconds with a robust compensator. Ryu
et al [63] simulated the deformation behavior of the SMA -
embedded GFRPs composite. Silicon rubber was added into
a matrix of the GFRP composite as more compliant material.
The simulation was performed to analyze the essential para-
meters required to realize the favorable stiffness and deforma-
tion of the structure. A single SMA wire embedded into PMC
can conveniently generate bending deformation. However, to
attain a complex motion of bend-twist nature, a different SMA
actuator is required to produce multiple radii of curvature by
modifying the stiffness of the material. Song et al [125] real-
ized complex motion and shape control with a scaffold struc-
ture with four different modes of motion and shape control.
A reversible bending response from an initially flat configur-
ation to 90◦ angle was developed, and it was regulated by the
local thermal activation of the shape memory polymer while
it transforms from glassy to the rubbery state by the resistive
heating of SMA actuators [126]. The SMA -reinforced glass
fiber polymer composite has been studied for designing the
active movement of the inchworm robot [127].

4.3.2. Stiffness modification. Continuous SMA wires or rib-
bons are also the source of modifying the stiffness of the
polymer matrix composite due to residual stresses and high
actuation stresses of SMA. During curing, polymer matrix
composites are heated above the austenite finish temperature
to transform detwinned martensite into the austenitic phase.
SMA contracts and acts against the constrained matrix. Resid-
ual stresses are developed as a result of high contrast in the
thermal expansion coefficients of the SMA and the matrix.
Residual and constrained recovery stresses developed in the
matrix improves the yield strength of the composite. Reinfor-
cing composites with negative thermal expansion coefficient
fibers [128], such as Kevlar and carbon fibers, are effective in
increasing the reliability of the interface. SMA wires can be
embedded around the outer surface of rotating drive shafts to
adjust the bending stiffness of a rotating beam [129].

4.3.3. Vibration control. Controlling the vibrations using
SMA is the first application of SMA in composite struc-
tures [112, 130]. Generally, superelastic SMA is used for con-
trolling vibration due to the hysteresis effect. SMA composite
design parameters have a strong influence on the specific

damping capacity (SDC) and vibrational modes of SMA
hybrid composite structures [131]. Controlling vibrations by
shifting of natural frequency can be managed by altering
the stiffness of the structure. The martensitic transformation
is ideally a thermo-elastic transformation. However, various
irreversible processes dissipate energy through crystal imper-
fection and dislocation movements. The development of the
austenite-martensite interface produces defects and is a major
source of thermo-mechanical coupling, while the austenite
phase has poor intrinsic damping. Vibration control in active
and passive modes are described here as below:

1. Active vibration control: An active method of vibra-
tion control deals with controlling vibration using para-
meters that can be controlled by external systems. Here,
the heating of SMA by resistive heating or by extern-
ally heated environments is the externally controlled para-
meter. Natural frequency is a function of the stiffness of
the material. Stiffness of the SMA increases as the tem-
perature reaches above austenite finish temperature, and
the low modulus martensite phase transforms into a high
modulus austenite phase. Hence, stiffness and natural fre-
quency of SMA composite increases in active mode. This
technique is covered under active property tuning (APT),
which is used to shift the natural frequency [38]. The nat-
ural frequency can be further modified by embedding pre-
strained SMAs into the composite. Lau et al [130] embed-
ded 0.5 mm Nitinol SMA into a balanced (0◦/90◦) glass-
fiber epoxy beam of size 200 mm× 25 mm× 1.5 mm.
It was observed that with an increase in SMA wires, the
natural frequency did not improve significantly, but the
damping ratio heightened in the dual-phase situation. So,
the transition phase occurs during phase transformation
from martensite to austenite or vice versa. Further, in the
case of the actuation of the pre-strained SMA wires, and
induced high tensile stress elevated the natural frequency
of glass and carbon fiber (relatively higher modulus) com-
posite beams by 6.9% and 2.09%, respectively added with
good damping behavior as shown in figure 12.
In low amplitude vibrations, the frequencies and amp-
litudes are a function of the recovery stress and stiff-
ness. These are modified by tuning the recovery stress
through SMA heating. Bidaux et al [132, 133] investigated
the vibrational properties of the polymer/epoxy composite
embedded with 1% volume NiTi fibers with 5% pre-strain.
The natural frequencies updated by up to 50%.
Rogers et al [4] experimented on the graphite-epoxy com-
posite for structural acoustic control of the hybrid compos-
ite structure. Subsonic structural-acoustic radiation was
controlled in a clamped beam of 82.2 cm× 2.03 cm×
0.01 cm graphite-epoxy-SMA hybrid composite. Malekz-
adeh et al [134] analyzed the free vibration behavior
of 8 layers (0/90/90/0)s of graphite-epoxy SMA plate.
Natural frequencies were higher when the pre-strain of
wire, volume fraction and temperature were escalated.
Schetky et al [135] found the significant effect of active
SMA in composites for boundary conditions. Epps and
Chandra [136] studied the role of embedding the SMA into
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(a) Damping ratio with different number of
non-prestrained embedded SMA wires into the

composite beam.

(b) Variation of damping ratio of two
pre-strained embedded SMA wires into the

composite beams at different applied currents.

Figure 12. Variation of damping ratio in the SMA-embedded
composite [130].

graphite/epoxy beams using sleeves. SMAs were fixed at
the ends of the sleeves and activated by resistive heating. A
significant increase of 22 % in the first natural frequency
was observed by embedding the 2% volume fraction of
wires of SMA. An increase of 23% in the fundamental fre-
quency of an actual helicopter composite shaft was also
observed with embedding less than 8% volume fraction of
SMA. Sittner et al [115] investigated the NiTiCu SMA to
shift the natural frequency from 360 Hz at room temperat-
ure to 450 Hz at 100◦C of Kevlar/epoxy with SMA.

2. Passive vibration control: This technique is employed
to control the vibration without regulating the paramet-
ers by an external power. This may be achieved by using

the hysteretic effect of superelastic SMA when extern-
ally applied stress is above the critical stress. Hysteretic
loops with an extensive area of loop produce high inher-
ent material damping. High material damping is required
for polymer composite structures to avoid composite fail-
ure under vibrations. Design parameters of SMA compos-
ites such as volume fraction of constituent materials and
interface characteristics affect the damping of SMA com-
posites. Damping characteristics of pseudoelastic SMA-
embedded glass fiber composite beams was studied and
compared with steel wire embedded in the replacement of
SMA by Gupta et al [137]. Damping ratio enhancement
was two times the damping of steel wire embedded GFRP.

4.3.4. Damage suppression. The continuous form of SMA
can be used for suppressing the impact damage by improving
the fracture toughness of hybrid polymer composites. SMAs
stores and dissipate the strain energy through the combination
of stress-induced martensite transformation and plastic yield-
ing. This kind of strain energy dissipation is immense as com-
pared to high alloy steel and more than ten times of many
graphite/epoxy composites. The superelastic or stress-induced
martensite phase transformations are used for the impact dam-
age suppression mechanism in passive mode. The damage
suppression mechanism of the SMAHC consists of continu-
ous SMA wires with SME effect, which helps to absorb and
dissipate the impact energy. Rogers et al [12] discussed the
method to extend the life of material by restricting the crack
propagation by producing contraction forces using continu-
ous SMA [138]. Saeedi and Shokrieh [139] experimentally
studied the effect of pre-strained SMA for improving fracture
behavior of the polymer. The crack growth resistance of 67%
was observed with a 1% pre-strained SMA. Further, in com-
parison, there was a significant improvement in resistance to
crack growth of epoxy by 2 and 4 times with 2% and 4% pre-
strained SMA, respectively. Embedding the SMA NiTiNOL
wires transverse to the crack and using shape memory effect
to create compressive forces for closing the crack, also assists
in curing [107]. Pappada et al [77] investigated the role of
NiTiNOL wires for damage initiation sites in carbon and glass
fiber composites. The dissipation of impact energy in carbon
fiber -reinforced polymer composites with pseudoelastic NiTi
wire was measured at different impact loads and observed
the 100% dissipation of highest impact energy [78]. The
SMA fiber reinforced hybrid composite patches were investig-
ated [84] for repairing and found to deliver improved perform-
ance. Polymer matrix crack healing using the shape memory
effect of SMA was simulated using a variational asymptotic
approach [62]. The recovery force of SMA was able to heal
the crack due to the softening of the polymer matrix above the
SMA austenite finish temperature. The SMA/CFRP patch was
investigated to repair a cracked steel structure and for improv-
ing the fatigue life [140].

4.3.5. Self-healing. Since most of the engineering struc-
tures are nature-inspired, biological systems are most insight-
ful. An essential characteristic of living entities is self-healing,
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and the same is also desired from engineering materials for
enduring life. The assimilation of self-healing ability in mater-
ials assists in closing the micro-cracks autonomously. Over
the past few years, through various studies, the application of
SMA reinforcements in composites has been investigated rig-
orously to bio-mimic the phenomenon of self-healing [141–
143]. A detailed comparative analysis of various mechanisms
of self-healing, such as capsule-based and vascular healing,
are summarized by Y. Wang et al [144]. The basic idea of
embedding SMA for self-healing is to employ the superelastic
and shape memory effect for improving the fracture behavior
of composites by crack pre-closure [145]. Also, the dynamic
impact damage suppression capabilities of SMA are beneficial
for designing self-healing composites [146].

Kirkby et al [141] explored the self-healing process of
a pre-strained SMA/epoxy-based composite consisting of
microcapsules enclosing a healing agent (dicyclopentadiene)
and a catalyst. Self-healing was assessed by computing the
peak load that induces a fracture after healing in a tapered
double cantilever beam (TDCB) sample. The results support
the claim by authors during the previous study of injecting
the healing agent manually [147]. It was observed that the
peak load after healing was estimated to be around 80% of
the peak load in the original sample. Besides, due to the pres-
ence of embedded SMA wires, a lower quantity of the healing
agent was sufficient to impart desired healing. The SMA wires
provided the closure force that minimized the crack volume
and heating effect of SMA assisted in enhancing the cross-
linking during the polymerization.

Saeedi et al [148] examined the effect of 2% pre-strained
superelastic embedded SMA wires on the fracture toughness
of the epoxy polymer using double cleavage drilled compres-
sion tests. It was established that fracture toughness improved
by 15%. However, a rise in pre-strain value weakened the
SMA-matrix bond and degraded the mechanical properties.
The self-healing efficiency of the thermally reversible polymer
was investigated using the SME effect with a 2% pre-strained
SMA. A healing efficiency of 92% was obtained against the
value of 43% for specimens without SMA wire.

4.3.6. Health monitoring. The continuous form of SMA is
used for the health monitoring of composites with the help
of sensing characteristics like other smart materials such as
piezo-ceramic and PVDF. These sensing parameters are dir-
ectly or indirectly for assessing the health of the polymer com-
posite structures. The application of SMA as a sensor is based
on the change in the material property due to phase transform-
ation. Cui et al [149] explored the association between strain
and electrical resistance variation in an SMA to investigate the
sensing characteristics of such material. These specific fea-
tures are measured to access the damages in the composites.
Nagai et al [150] demonstrated that the amount of damage in a
hybridized GFRP could be evaluated via monitoring the elec-
trical resistance variations of the embedded SMA. Generally,
pseudoelastic SMA is used for sensing. Sometimes, change
in the resistance is measured as a function of integrated strain.
The high resistivity of NiTiNOL befits it to be used as a sensor

with the support of the Wheatstone bridge. NiTiNOL can be
used as a dual-mode sensor because it can sense temperature
as well as strain. Embedding sensors such as optical fiber into
the composite can cause premature failure. One of the design
requirements for an intelligent composite structure is to use
reinforcements as a sensor as well as an enhancer of the struc-
tural property of the composite. These types of systems are
referred to as a self-sensing system. The sensor is an integral
part of the composite.

Resistance -based self-sensing can be used for damage
detection and to trace the location of the damage. Health
monitoring requires both quantification and location of dam-
ages. The plotting of conductivity values over a domain can
clearly show the location of the damage. SMA wires have
been used as strain sensors with low transformation temper-
ature (−30◦C to +10◦C) [151]. The design of such adaptive
hybrid composites with self-sensing lamina endeavor a high
gauge factor in comparison to conventional strain gauges. An
effort was directed to monitor the resistance based on dam-
age locations using pseudoelastic wires in a glass fiber poly-
mer composite [152]. Pinto et al [153] used the thermography
method to detect damage from impact or other dynamic load-
ings in SMA composites. Embedding iron-based magnetic
SMA (MSMA) wires provides the capability of monitoring
structural health using external magnetic field sensing. Loc-
alized phase change occurs in MSMA wire at damage loc-
ations. These phase changed locations modify the magnetic
field lines passing through the damaged locations. The mag-
netic field line helps to detect the damages [154].

5. Discontinuous SMA composites

An array of SMA -based hybrid composites (SMAHCs) are
feasible with the use of discontinuous SMA as small sec-
tions of wire/ribbons, and in the form of particulates with
various aspect ratios. Continuous SMA fibers impart direc-
tional properties, whereas the short randomly oriented fibers
deliver isotropic properties. Fabrication of a continuous SMA -
based composite is arduous in comparison to the discontinu-
ous SMAs that offer the advantage of dispersing the residual
stress over the polymer matrix. Interfacial failure is also not an
issue in discontinuous -based composites. Detailed discussions
of composite design, fabrication, essential factors affecting the
performance and applications are considered in the following
sections.

5.1. Design parameters

The design of discontinuous SMA -based composite is primar-
ily dependent upon the properties of matrix and SMA, the
aspect ratio of SMA short fibers, and their volume fractions.
Sleeves are not mandatory for embedding short SMA wires as
they remain intact within the matrix. Such composites have a
basic mechanism for modifying the properties similar to con-
ventional short fibers composites; additionally, they can be
controlled passively or actively. In the passive applications, the
pseudoelastic SMA short fibers are incorporated to heighten
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the strength of polymer matrix composites, store strain energy,
and increase the residual stresses. While the active applica-
tions offer to tune stiffness, natural frequency, and damping of
SMA composites.

5.1.1. Effects of the constraining matrix. In short-fiber
embedded polymer composites, the matrix is constrained, and
the fibers are loaded indirectly through the matrix. There-
fore, matrix properties and interfacial bonding are essential
for the performance of short fiber-based polymer matrix com-
posites. Short fiber inside the matrix actuates under a suitable
thermal environment and tries to apply stresses into the matrix.
These stresses change the energy balance of the matrix sys-
tem. The bonding at the SMA wire/polymer matrix interface
must be adequate to transfer stresses to the surrounding mater-
ial medium. Thus, the composite exhibits excellent damping
properties due to the interfacial interaction of fiber with the
matrix system. As a result, discontinuous SMA composites
have a higher potential for improving the damping proper-
ties of polymer composites due to the actuation of SMA for
dampening and shape control [155].

5.1.2. Effects of pre-strain and volume fraction. Similar to
continuous SMA elements/wires, the pre-strain level of short
SMA determines the amount of recovery stress. Contraction
of short SMAs produces compressive residual stresses into
the matrix, which increases proportionally to the volume frac-
tion [52]. Zhang et al [156] found that the addition of optimum
weight fraction from 0% to 3.5% of discontinuous SMA fillers
into the epoxy matrix elevated the storage modulus and resid-
ual thermal stress with the increase in filler weight percentage.
Beyond this optimum value, both get reduced. Fracture deflec-
tion decreased due to brittle failure with the increase of SMA
volume fraction. The loss factor escalated with the increasing
amount of discontinuous filler content. Lei et al [157] con-
cluded that the storage modulus is primarily affected by the
volume fraction of SMA as a change in temperature, induced
by the change in stiffness or elastic modulus.

5.1.3. Interfacial bonding. The performance of short SMA
polymer composites structure is dependent on the SMA-
polymer matrix interfacial bond. In an active state, an optimum
interfacial bonding is responsible for transferring the max-
imum load applied by the pre-strained SMA. The stiffness of
the surrounding matrix also affects the properties of the com-
posite. A high shear force is induced in a stiffer polymer mat-
rix, significantly improving the dynamic response. The inter-
action of short SMA fiber within the matrix affects the genera-
tion of recovery stress. Lei et al [158] investigated the interface
between the superelastic short SMA fiber and matrix on the
overall mechanical behavior of composites. It was observed
that the interfacial separation increases with the increase of
loading time. The rise in temperature from 320 K to 360 K
did not alter the fiber-matrix interface friction, maximum yield
stress, and strain in a composite.

5.1.4. Arrangement of discontinuous SMA into composites
and aspect ratio.

1. Location of SMA into composites: The discontinuous
SMAs are randomly distributed into the polymer matrix to
provide an isotropic effect or embedded into the specific
layer at/around the neutral axis, symmetrically in layers
away from the axis. The location of the SMA in the com-
posite structure is governed by the mechanism of response
adopted. The response of discontinuous SMAs is similar
to the continuous SMAs embedded composites according
to the location of the SMA embedded layer.

2. Aspect ratio: Lei et al [158] concluded that the size of dis-
continuous SMA is a key factor in determining the over-
all response of the composites. In the case of short fibers,
a geometrical quantity related to size is the aspect ratio.
The effect of lowering the aspect ratio reduced the overall
Young’s modulus of the composite. Murasawa et al [52]
concluded that the short and long wires have a very com-
parable response for an aspect ratio greater than 25.

5.2. Fabrication

The discontinuous SMA composites with polymer matrix can
be easily fabricated by mixing discontinuous SMA into the
polymer matrix and then pouring the mixture into a mold for
curing. Discontinuous SMA -reinforced fiber polymer matrix
composites are fabricated by the hand-lay-up technique by
embedding the SMA into a specific layer of composites. Small
diameter (0.1–0.150 mm) wires are suitable for embedding
between the layers. The injection molding technique can fab-
ricate discontinuous SMA -based thermoplastic matrix com-
posites. Murasawa et al [159] fabricated the short SMA fiber -
embedded composites with the injection polycarbonate matrix
and using an injection molding machine. The  ferromagnetic
SMA (FSMA) magnetic particle can also be embedded into
the polymer matrix composite by fusing with the hand lay-up
method. The discontinuous FSMA can be aligned by apply-
ing mechanical stress in the desired direction to form the easy
axis magnetization. The particles or short fibers are aligned
with the help of curing under the magnetic field.

5.3. Applications

5.3.1. Shape control. Discontinuous SMAs have been
rarely used for the control of polymer matrix -based structures.
Shape control of polymer composites has not been investig-
ated for controlling the shape of structures. SMA particulates
were embedded into the grooves with a silicon matrix [160].

5.3.2. Stiffness modifications. Super-elastic SMAs are used
for passive application with discontinuous SMA embedded
into the polymer composite. The modulus of elasticity of the
austenite phase is very high in comparison to the martensite
phase. So, the strength and stiffness of the polymer compos-
ite can be improved with this high modulus phase of austenite
into the polymer composite. This increases the applicability
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of the polymer composite for dynamic load applications. The
short fiber SMA -reinforced composite displays the low frac-
ture strain in comparison to large strain in continuous SMA
fiber-reinforced composites [52, 159]. The effect of fiber on
the deformation behavior of short-fiber reinforced was not
remarkable. The tensile properties [161] and bending prop-
erties of short fiber -reinforced epoxy composites were eval-
uated [162]. Pre-strained particles are also used to increase
the effectiveness of each particle in the polymer composite
following the similar mechanism of pre-strained continuous
SMA fibers into the composites. The pre-strained randomly
oriented SMA particles recover their shape, and compress-
ive stresses are induced into the matrix in all directions. Lon-
gitudinal strength and stiffness are not much affected by the
SMA particles. The stress-induced transformations of spher-
oidal particles have a significant effect in escalating the bend-
ing strength and stiffness of composite, even in the presence of
low SMA volume fraction [160]. This result suggested that the
SMA particle composite displayed brittle fracture behavior.

5.3.3. Passive and active vibration control. The natural fre-
quency of the polymer composite increases with reinforce-
ment of high modulus superelastic SMA. Thus, it shifts the res-
onance frequency away from the operational frequency. Some
of the properties of the short SMA composite are modified
using a similar mechanism of the long SMA fiber composite in
active mode. Compressive stresses are generated while recov-
ering its shape during the reverse transformation. Reverse
transformation improves the tensile strength of the composite.
Khalili et al [163] performed the experiments to evaluate the
static and dynamic properties of SMA short wires reinforced
resin. Murasawa et al [159] studied the effect of the inter-
face, fiber volume fraction, and aspect ratio on the generation
of internal stress in the polycarbonate matrix. Increasing the
volume fraction of short SMA from 5% to 30%, the compos-
ite strain reduces and becomes negative during phase change
from 60◦C to 90◦C. At this volume fraction of short SMA, the
composite developed strain similar to a long fiber composite.
Due to SME, the residual stresses in the fiber and matrix are
opposite, and the strain history is different for long and short
fiber composite during heating, as illustrated in figure 13 [52].

The effect of aspect ratio was not significant on residual
stresses, deformation, and generation of internal stresses. The
performance of short SMA reinforced composite was similar
to continuous SMA reinforced composite with high aspect
ratio and volume fraction of SMA. Zhang et al [70] invest-
igated the role of dispersing discontinuous forms of SMA
into the epoxy resin. An increase in storage modulus and loss
factor was observed with SMA fillers. The loss factor of poly-
mer composites embedded with SMA particle fillers is found
to be higher than the polymer composite with SMA short
fiber fillers. Next, the  ferromagnetic SMA (FSMA) magnetic
particles of Ni-Mn-Ga were embedded in an aligned manner
into the polymer matrix composite [164]. The role of aligned
particles was explored due to the presence of twin bound-
aries. The damping of the composite escalated due to twin
boundaries.

Figure 13. Behavior of short and long SMA composites under the
heating process [52].

5.3.4. Damage suppression. The status of damage suppres-
sion capabilities of short SMA composite can be predicted
from a general class of short fiber-based composites. The dam-
age is initiated at the interfaces, and shear strength is also
reduced. So, it is clear that damage suppression capability is
not expected in this type of composite. The healing of the inter-
facial adhesion can potentially recover the stiffness of short -
fiber SMA composites.

5.3.5. Health monitoring. The SMA particles embedded in
the structure can be availed for health monitoring of the struc-
ture with the help of stress-induced phase transformation beha-
vior. The health of the structure can be accessed by observing
the changes in mechanical and electromagnetic behavior of
discontinuous forms of SMA when a crack is generated in the
vicinity of these discontinuous SMAs [165].

6. Challenges with SMA-based polymer composites

SMA -embedded polymer composites have many potential and
embryonic applications. However, some certain ingrained lim-
itations and challenges seek immediate attention.

6.1. Optimal design

Promoting the use of polymers matrix-based SMA com-
posites over conventional polymer matrix -based composites
demands a considerable technology leap as interfacial bond-
ing between matrix and SMA determines the performance of
the SM - embedded composites. An optimized level of inter-
facial bonding is thus fundamental for operation. Rigid bond-
ing restricts the actuation capabilities (SME effect) of SMA,
while being lax in interfacial bonding does not enable SMA
to have adequate contact with the matrix under the applied
load. Further, the proper SMA wire diameter should be selec-
ted given the availability of surface area per unit mass of SMA
for adhesion and load transfer. Hence, it is challenging to
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manage the factors responsible for interfacial bonding. One
way to achieve this is by controlling the curing cycle of the
thermoset matrix material. Besides, the matrix glass transition
temperature should also be higher than the SMA transforma-
tion temperature.

In the case of thermoplastic matrix-based SMA compos-
ites, high processing temperature for the thermoplastic mat-
rix shifts the transformation temperature of SMA and reduces
the peak recovery stress [18]. Hence, finding suitable ther-
moplastic material having a lower glass transition temperat-
ure than SMA transformation temperature is also an additional
obstacle.

There are many other arrays of design issues that signific-
antly affect the properties of SMA composites, such as SMA
volume fraction, orientation, and stacking sequence of SMA.
Extensive experimental work is crucial to obtain the suitable
values of each parameter for a specific application. The aspect
ratio of particulate or chopped fibers of SMA is also a deciding
factor in the case of discontinuous SMA composites.

SMA fibers are activated by resistive heating that produces
a shape memory effect (SME). Active continuous SMA -based
composites consist of wires extending out of the specimen,
which provides the space for current supply. However, struc-
tural integrity gets compromised in this process. SMA absorbs
energy during the entire transformation process, and the tem-
perature increases. Usually, the polymer matrix is a poor con-
ductor of heat; as a result, heat dissipation is difficult. Efforts
should also be directed to increase the thermal conductiv-
ity of the matrix material. Mostly, discontinuous SMA -based
composites are passive or are active under external thermal
environment. It is quite challenging to manufacture active dis-
continuous SMA -based polymer composites with an internal
heating source that eventually requires a matrix of relatively
high electrical conductivity.

6.2. Fabrication

SMA -reinforced composites also have fabrication complica-
tions. Special fixtures are desired for holding the SMA wires
and maintaining the pre-strain while preparing continuous
SMA wire-based composites. The surface treatment of SMA
fibers also plays an important role in interfacial strength.
Identifying the suitable methodology for pre-treatment of
SMA fibers such as acid etching, hand-sanded, sandblasted,
and plasma coat is crucial. During fabrication, constraining the
matrix elevates interfacial shear stress induced in the matrix.
Hence, the constrained system makes the fabrication addition-
ally cumbersome. Thus, it is a good design challenge to over-
come this contradiction.

7. Conclusions

The state-of-the-art in shape memory alloy -reinforced poly-
mer composites has been reviewed for shape control of struc-
ture and enhancement of static and dynamic properties of
composites. Modeling for SMA, SMA -reinforced composites,
and short SMA -reinforced composites are scrutinized in this

direction. A special focus has been made on shape control,
stiffness modification, vibrational control, damage suppres-
sion, self-healing, and health monitoring applications. The
following conclusions have been drawn from the presented
review:

1. A selection of matrix material in the form of polymer-only
or polymer-based composite material should be decided
considering the modulus of elasticity of the matrix mater-
ial and desired application of SMA-embedded composites.

2. Interfacial bonding is key for managing tailored stiffness
for providing required actuation capability.

3. The appropriate position of SMA wires inside the compos-
ite structure should be selected to attain the desired effect.
For instance, the damping properties can be enhanced by
inserting the SMAs inside the laminate. The shape morph-
ing can be achieved by either controlling the plain strain
(SMA wires at the neutral plane of the composite) or by
regulating bending properties (SMA wires away from the
neutral axis). To effectively close a crack, SMAs can be
inserted through the reinforcement thickness as a continu-
ous stitch.

4. Low processing temperature than the transformation tem-
perature of SMA is required to make fabrication easy
without the need for the special fixture.

5. Pseudoelastic SMA-based structures are easy to fabric-
ate and can be used in comparison to SME effect-based
structure.

6. Discontinuous SMAs are useful for improving material
properties in the passive or active mode under the elec-
tric/magnetic field. In order to operate in the active mode
using resistive heating, the entire matrix has to be elec-
trically conductive. However, transformation temperature
should not be very high in order to prevent degradation of
the polymer matrix due to overheating.

Following research directions can be examined for future
research in the domain of SMA -based polymer composites:

1. In general, soft/low stiffness polymers are incorpor-
ated for SMA-based shape control applications. Never-
theless, research work concerning the identification of
fiber-reinforced polymeric composites with tailorable and
optimized stiffness suitable for shape control applications
with structural properties may be pursued.

2. A rigorous analysis of the curing cycle is required to pre-
dict active SMA properties for the thermoset polymer-
based SMA composites.

3. The effect of discontinuous SMA on mechanical proper-
ties is required to be investigated for high strength fiber
composites. There is a need for more focus on resistively
heated discontinuous SMA composites.

4. Exploring the use of 3D printing over SMA wire mesh
should be scrutinized.

5. Novel microstructure likes cellular composites integrated
with SMA may be explored.
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