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By hybridizing or incorporating shape-memory materials with other functional materials or
structural materials, smart composites can be fabricated which may utilize the unique
functions or properties of the individual bulk materials to achieve multiple responses and
optimal properties, or, to tune their properties to adapt to environmental changes. A variety
of shape-memory hybrid composites have been designed and manufactured, with
shape-memory elements being either the matrix or the reinforcement. The hybrid
composites provide tremendous potential for creating new paradigms for
material–structural interactions and demonstrate varying success in many engineering
applications. This review, from the standpoint of materials science, will give a state-of-the-
art survey on the various shape-memory hybrid smart composites developed during the last
decade. Emphasis is placed on the design, fabrication, characterization and performance of
fibre-reinforced, particle-reinforced and multi-layered thin-film shape-memory composites.
Q 1998 Kluwer Academic Publishers

1. Introduction
In 1988, Rogers and co-workers at Virginia Tech
embarked on their research and development efforts
of smart/intelligent materials and structures, which
have now gained world-wide attention [1— 4]. One of
their main efforts was to utilize the novel performance
of shape-memory materials, such as high damping
capacity, large recoverable strain and recovery stress,
and remarkable property changes due to thermal or
stress-induced martensitic transformations, to engin-
eer hybrid intelligent composites natively with ‘‘multi-
functionality’’ or adaptive properties [1, 2, 5—8]. In the
approaches, shape-memory materials were usually
integrated within monolithic or composite host mater-
ials to produce the desired components whose func-
tionality or static and dynamic properties could be
enhanced or actively tuned in response to environ-
mental changes. The shape-memory hybrid com-
posites, with either embedded or bonded shape-
memory material components, have proved to be
unique material systems that provide tremendous po-
tential for creating new paradigms for material-struc-
tural interaction [5]. Owing to the intriguing
characteristics and exciting potentials in engineering
applications, shape-memory hybrid composites have

emerged as one of the promising smart material sys-
tems and hence been the subject of active investigation
during the past decade [1, 4—8].

Commerical shape-memory materials can be easily
fabricated into various forms such as fibres, wires,
ribbons, particles and thin films, therefore making it
feasible to manufacture a great diversity of shape-
memory hybrid composites with conventional fabrica-
tion procedures [9]. As usual, both continuously
reinforced composites with fibre or film reinforce-
ments and discontinuously reinforced composites with
particulate or flake reinforcements, have been de-
signed and fabricated, with shape-memory elements
being either the reinforcement or the matrix. Partly
due to the technical simplicity in manufacturing, most
of previous efforts with embedded shape-memory
fibres or wires have been directed at thermoplastic and
thermoset polymer matrix composites, and many en-
gineering applications have been found for the smart
composites [5—8]. For instance, the polymer matrix
shape-memory composites have demonstrated vary-
ing success in the fields including: shape and position
control, active and passive control of the vibration
and acoustic transmission of materials subjected to
dynamic loads, impact damage and creep resistance
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Figure 1 Design concept of SMA-reinforced composites

in structures [3, 8]. More recently, the engineering
approaches to design and fabrication of intelligent
composites using shape-memory materials have been
extended to metal or silicon matrices: shape-memory
alloy ribbons or filaments can be embedded within
silicon layers of variable thickness to form composite
laminates with controllable stiffness and improved
shape-memory performance [10—12]; some unique
properties such as self-strengthening or self-relaxation
and high damping capacity may be achieved in metal
matrix composites containing shape-memory alloy
fibres or particles [13—15].

In the first part of the review [9], we outlined
shape-memory materials and their basic character-
istics. In this part we will give a state-of-the-art survey
of the smart/intelligent composites based on shape-
memory materials. The main achievements during the
past decade will be summarized, with an emphasis on
the design concept, fabrication, characterization and
performance of the composites.

2. Fibre-reinforced shape-memory
composites

2.1. Shape-memory alloy fibre/metal matrix
composites

2.1.1. Material design
Owing to the mismatch of the thermal expansion
coefficient (CTE) between the matrix and filler, a ten-
sile or compressive residual thermal stress will be
introduced into the composite when fabricated at high
temperature and then cooled down to room temper-
ature. It is well established that compressive residual
stress in the matrix, caused by a higher CTE of the
filler than that of the matrix, is beneficial to mechan-
ical properties such as the yield stress and fracture
toughness. If there is a special filler that shrinks in the
matrix at the temperature of operation or with in-
creasing applied stress, compressive stress may also be
introduced into the matrix, thereby contributing to
the tensile properties of the composite. Shape-memory
alloys (SMAs) do exhibit such shrinkage when pre-
strained at martensite state and then heated to the
parent phase state. Taking into account that SMA
fibres are easily fabricated and have a high strength,
good ductility, high damping and fatigue resistance,
they are interesting reinforcement candidates. If such
shrinkable SMA fibres are embedded in metals and
alloys to form metal matrix composites (MMCs),
a compressive residual stress may be generated in the
matrix and hence the tensile flow stress of the MMCs
is expected to be enhanced. In addition, the adaptive
mechanisms such as self-repairing of damage, i.e.
microcrack closure, and the suppression effect for fa-
tigue crack propagation may be operative. As a result,
the fracture toughness and fatigue resistance of the
composites may be improved.

In the light of the mechanism, Furuya et al. [14—17]
have proposed the design concept of Ti—Ni fibres-
reinforced aluminium matrix composites. The basic
design approaches for the SMA fibremetal matrix
composite can be summarized as a five-step route as
shown in Fig. 1: the SMA fibremetal matrix com-

posites are prepared and fabricated by using conven-
tional fabrication techniques; (2) the as-fabricated
composites are heated to high temperatures to shape
memorize the fibres or to undergo some specific heat
treatment for the matrix material, if necessary; (3)
because SMAs have much lower stiffness at the mar-
tensite stage or readily yield at the austenitic stage just
above the martensitic transformation start temper-
ature, M

4
, the composites are then cooled to lower

temperatures, preferably in the martensite state; (4) the
composites are further subjected to proper deforma-
tions at the lower temperature to enable the marten-
site twinning or the stress-induced martensitic
transformation to occur; and (5) the prestrained com-
posites are then heated to higher temperatures, pre-
ferably above the austenite finish temperature, A

&
,

wherein martensite detwinning or the reverse trans-
formation from martensite to austenite takes place
and the Ti—Ni fibres will try to recover their original
shapes and hence tend to shrink, introducing com-
pressive internal residual stresses in the composites.
This design concept can also be applied to polymer
matrix composites containing SMA fibres and to the
metal matrix composites containing SMA particles.

2.1.2. Manufacturing procedures
The excellent ductility and workability of Ti—Ni
SMAs make it very easy to fabricate fibres of several
hundred micrometres in diameter with conventional
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Figure 2 Fabrication procedure of SMA wire wound prepreg [21].

processing methods. Embedding the fibres in the alu-
minium matrix can be achieved by squeeze casting or
compacting via a powder metallurgical route.
Specially, three kinds of fabrication procedures have
been developed.

(a) The Ti—Ni fibres were arranged in a fixed holder
in a mould, then molten aluminium (970K) was
poured into the mould, followed by pressurization at
65MPa. Because the melting temperature of alumi-
nium is not very high, even though a thin layer with
a thickness of less than 3 lm of the fibre surface was
affected by diffusion interaction, most of the Ti—Ni
fibres remained unaffected during the processing. The
composite was then subjected to heat treatment
(773K, 30min) to shape memorize the Ti—Ni fibres,
followed by ice—water quenching to induce martensitic
transformation. A specific tensile prestrain was ap-
plied and then the composite was heated to a temper-
ature above the A

&
point [14].

(b) Aluminium powders and Ti—Ni fibres were
placed in a mould and were pressed at 200MPa in air
at room temperature to form a green sheet, and then it
was sintered in a vacuum furnace (10~4 torr) at 843 K
for 1 h. Simultaneously, a shape-memory treatment
was made during the sintering process. The porosity of
the as-sintered composite was 8%. The high elonga-
tion of the aluminium matrix at room temperature (up
to 12%) would provide prestrains of up to 4%—5% to
the Ti—Ni fibres [15, 17]. Because pure aluminium
(Al—1100) has a too low flow stress to be used as
a matrix metal in many structural composite applica-
tions, more recently, 6061-T6 and 6082-T6 aged alu-
minium alloys with a higher yield stress were used as
the metal matrix of the shape-memory fibre-enhanced
composite [18, 20, 21].

(c) The Ti—Ni fibres were wound around or longitu-
dinally laced on to thin aluminium alloy sheet with
rectangular end notches. The fibre-laced prepreg
sheets were stacked on a pair of hot-press dies or
loaded into a vacuum cannister and then were hot
pressed at proper temperatures and pressures, as illus-
trated in Fig. 2. A thin layer (within 3 lm) of interfacial
phases such as Al

3
Ti and Al

3
Ni was produced because

of the interfacial reactions between the Ti—Ni fibre and
the matrix. The optimum vacuum hot-pressing condi-
tions for Al-6061 matrix composite were found to be
773K for 30min at 54MPa [21]. The material could
be either directly water quenched and then aged, or
cooled down in the furnace while keeping the pressure
constant, followed by a solution treatment and T6
ageing. A loading and unloading process was applied
to the composite at room temperature to produce
various prestrains. This processing procedure resulted
in good macro-scale homogeneity and little internal
porosity, and various volume fractions of Ti—Ni fibres
could be embedded into the aluminium matrix
[18, 20, 21].

More recently, Mizuuchi et al. [22] also prepared
Ti—Pd—Ni—W SMA fibre titanium matrix composites
by sheath-rolling: the Ti—Pd—Ni—W SMA fibres were
laminated between titanium plates, and inserted into
a stainless pipe and vacuum encapsuled, then the
sealed laminates were sheath-rolled at the temper-

atures between 1123 and 1223K, followed by reheat-
ing at the temperatures for different times. A reaction
interfacial layer with a thickness of about 30 lm and
composed of three different intermetallic compounds
was formed between the fibres and the matrix. The
interfacial layer was found to be effective for stress
conductivity.

2.1.3. Materials properties
The internal residual stress in both the fibre and the
matrix, and the composite macroscopic strains as
a function of external variables such as temperature
and applied load or prestrain have been calculated
within non-linear composite models using Eshelby’s
formulation [17—19, 21]. As expected, depending on
the fibre pre-treatment and distribution, as well as the
boundary conditions, varying levels of compressive
residual stresses can be generated in the matrix of the
SMA composite during the heating process, resulting
in a large negative thermal expansion [18, 19]. For
a given SMA fibre reinforcement, the matrix compres-
sive residual stress increases with increasing volume
fraction and prestrain of the SMA fibres within a lim-
ited range, and optimal prestrain and fibre volume
fraction values can be found [17]. In addition, the
magnitude of the internal residual stress is also limited
by the flow strength of both the SMA fibres and the
matrix materials. Once the residual stresses in the
matrix and fibres are determined, the yield stress of the
composite can be obtained from the stress—strain
curve defined by [17].
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Figure 4 Dependence of yield stress on prestrain for (e) TiNi/Al
1100 composite and TiNi/Al 6061 composites (n) with and (h)
without T6 ageing treatment [17, 21]. The value for the correspond-
ing pure aluminum material were depicted.

Figure 3 Dependence of yield stress on SMA fibre volume fraction
for the TiNi/A1 1100 composite (m, d) experimental data, (n, L)
Theoretical calculations were based on the Eshelby’s formulation.
Prestain: (n, m) 0%, (L, d) 4%. Data sources [16, 17].
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and H are the tensile yield stress and work-
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is the yield stress of the matrix, »
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volume fraction of SMA fibres, and (r
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the disturbance stress. Apart from the dependence
on the volume fraction and prestrain, the yield stress
of the composite also increases with increasing tem-
perature within a limited temperature range [19]. This
is because the contributing back stress in the alumi-
nium matrix induced by stiffness of Ti—Ni fibres and
the compressive stress in the matrix originate from the
reverse transformation process from the ‘‘soft’’ mar-
tensite to the parent phase (austenite) with a several
times higher stiffness. For the austenite phase fibre, the
critical stress to induce the martensitic transformation
shows a strong positive dependence on temperature,
as demonstrated in the Clausius—Clapeyon equation
and temperature—stress—strain curves of SMAs [9].

Experimental results have confirmed the theoretical
predictions. A 19.5 vol% Ti—Ni fibre-reinforced 6061-
T6 aluminium alloy matrix composite exhibited an
unusual non-linear thermal contraction during un-
constrained heating from 298—348K, implying that
a compressive internal stress must have developed
[18]. In situ X-ray diffraction and neutron diffraction
measurements are being performed to determine fur-
ther the transformation processes. Some preliminary
results have shown that the macroscopic broad yield
point region in the tensile process indeed corresponds
to the transformation from the B2 austenite to B19@
martensite [20]. In the tensile tests at room temper-
ature, the TiNi/6061-T6 composite exhibited an initial
elastic response followed by a bimodal yield, with only
a slight increase in the flow strength over the mono-
lithic aluminium alloy (from 280MPa to about
310MPa). However, an unusual, positive curvature
flow-hardening rate was observed during the final
stages of loading, due to the saturation of the stress-
induced transformation. At a higher temperature
(348K), although there was a low initial yield with
a much smaller decrease in tangent modulus than the
case at room temperature, the composite exhibited
a full yield stress of about 390MPa with positive
curvature hardening in the strain range of interest.
The final failure strain of the composite exceeded
15%. Both the ultimate strength and the failure strain
of the composite were significantly greater than those
of the unreinforced 6061-T6 control material [18].

In agreement with modelling predictions, with in-
creasing fibre volume fraction and prestrain, a more
significant strengthening effect of the composite by the
SMA fibres was observed [14, 21]. The stress—strain
curves of the composite with 1100 pure aluminium
matrix and varying volume fraction of Ti—Ni fibres
were measured, and it was found that the Young’s
modulus and tensile yield stress increase with increas-
ing volume fraction of fibres [14]. The yield stress of

the Al-1100 matrix composite with 9% volume frac-
tion of 4.0% prestrained Ti—Ni fibres was increased by
approximately 100% over the pure aluminium, as
shown in Fig. 3. The effect of prestrain on the yield
stress is demonstrated in Fig. 4. In the 3 vol% TiNi
fibres/Al-1100 composite, the yield stress increased
from 39.5MPa to 64.8MPa when prestrain was in-
creased from 0 to 1.5% [17]. For the 6061Al matrix
composite with 2.7 vol % TiNi fibres, the yield stress,
r
y
, and the amount of prestrain, e

1
, can be roughly

expressed by the following linear relationships, de-
pending on the heat-treatment condition [21]

r
:
"15.677 e

1
#283.15 with T6 ageing treatment

(3)

r
:
"18.719 e

1
#77.599 without T6 ageing

treatment (4)

On the other hand, the prestrain generally contributes
to the damage accumulation for failure and it works to
decrease the elognation and ductility of the com-
posites [15]. The effect of SMA fibre volume fraction
and prestrain on the yield stress at various tem-
peratures for Ti—Pd—Ni—W SMA fibre/Ti matrix
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composites were also examined, and varying amount
of increase in the yield strength of the composites were
also examined, and varying amount of increase in the
yield strength of the composites as compared to the
monolithic titanium was observed [22].

The crack propagation rate as a function of the
apparent stress intensity factor in the composites was
measured by Furuya [15, 17]. A drastic drop of the
propagation rate, i.e. crack-closure effect, was ob-
served after the composite was heated to higher tem-
peratures ('A

&
). The enhancement of the resistance to

fatigue crack propagation was suggested to be as-
cribed to the combination of compressive residual
stress, higher stiffness of the composite, the stress-
induced martensitic transformation and the dispersion
of the mechanical strain energy at the crack tip [15].
Olson and co-workers [23] have been attempting to
design a biomimetric self-heating ‘‘smart steel’’ com-
posite consisting of a B2-strengthened ferritic superal-
loy reinforced by a thermodynamically compatible,
second-phase (c@)-strengthened austenitic shape-mem-
ory alloy, using the martensitic transformation as a
toughening mechanism. In their exploratory experi-
ments, Ti— 42.7wt% Ni—11.7wt% Cu shape-memory
wires of a 200 lm diameter were used as the fibre
reinforcement in an Sn—Bi matrix. It was found that
stable macrocracks were clamped shut due to the
reverse martensitic transformation [23]. The SMA
fibre-reinforced MMCs also exhibit other improved
properties. For instance, the damping capacity of the
Ti—Ni fibre Al matrix composite was measured by
using a uniaxial vibration method, and the results
indicated that the damping capacity (tan d) of the
composite in the temperature range 270—450K was
substantially improved over the unreinforced alumi-
nium [14]. The composite was also expected to show
high wear resistance [14, 15]. The encouraging results
as shown in the above-mentioned approaches suggest
that more detailed investigations and systematic
evaluation of the overall properties of the SMA fibres-
reinforced metal matrix composites are needed.

2.2. Shape-memorey alloy fibre/polymer
matrix composites

2.2.1. Design considerations
Depending on the SMA fibre pretreatment, distribu-
tion configuration and host matrix material, a variety
of hybrid polymer matrix composites can be designed
which may actively or passively control the static
and/or dynamic properties of composite materials.
Passively, as in the SMA fibre Al matrix composites,
the shape-memory alloy fibres are used to strengthen
the polymer matrix composites, to absorb strain en-
ergy and alleviate the residual stress and thereby im-
prove the creep or crack resistance by stress-induced
martensitic transformations. Actively, the embedded
SMA fibres are usually activated by electric current
heating and hence undergo the reverse martensitic
transformation, giving rise to a change of stiffness,
vibration frequency and amplitude, acoustic transmis-
sion or shape of the composite. As a result, structural
tuning, modal modification or vibration and acoustic

control can be accomplished through: (i) the change in
stiffness (inherent modulus) of the embedded SMA
elements or, (ii) activating the prestrained SMA ele-
ments to generate a stress (tension or compression)
which will tailor the structural performance and mod-
ify the modal response of the whole composite system
just like tuning a guitar string. The two techniques are
termed as ‘‘active property tuning’’ (APT) and ‘‘active
strain energy tuning’’ (ASET), respectively [7, 8, 24].
In general, APT requires a large volume fraction of
SMA fibres that are embedded without prior plastic
elongation and do not create any large internal forces.
However ASET may be equally effective with an order
of magnitude smaller volume fraction of SMA fibres
that are ‘‘active’’, and impart large internal stresses
throughout the structure [24].

Usually, the embedded or bonded shape-memory
alloy fibres should be plastically elongated and con-
strained from contracting to their ‘‘normal’’ length
before they are cured to become an integral part of the
material. When the fibres are activated by passing
a current through them, they will try to contract to
their normal length and therefore generate a large,
uniformly distributed shear load along the length of
the fibres. The shear load then alters the energy bal-
ance within the structure and therefore changes its
modal response [5, 8, 24]. Shape-memory alloy fibres
can also be embedded in a material off the neutral axis
on both sides of the beam in an antagonist—anti-
antagonist pair [25]. Alternative interaction config-
urations include creating ‘‘sleeves’’ within the com-
posite laminates and various surface or edge
attachment schemes [8, 25—27].

Advanced composites such as graphite/epoxy and
glass/epoxy composites offer high strength and stiff-
ness at a low weight and moderate cost, but they have
poor resistance to impact damage because they lack
an effective mechanism for dissipating impact strain
energy such as plastic yielding in ductile metals. As
a result, the composite materials dissipate relatively
little energy during severe impact loading and fail in
a catastrophic manner once stress exceeds the com-
posite’s ultimate strength. Typically, damage pro-
gresses from matrix cracking and delamination to
fiber breakage and eventual material puncture
[28—30]. Various approaches to increase the impact
damage resistance and specifically, the perforation
resistance, of the brittle composite materials have been
examined. The popular design concept is to form
a hybrid which utilizes the tougher fibers to increase
the impact resistance and the stiffer and stronger
graphite fibres to carry the majority of the load. The
hybrids composed of the graphite/epoxy with Kev-
larT, SpectraT and S-glass fibres have demonstrated
modest improvements in impact resistance [28—30].
Amongst various engineering materials, high-strain
SMAs have a relatively high ultimate strength and can
absorb and dissipate a large amount of strain energy
first through the stress-induced martensitic trans-
formation and then through plastic yielding, as shown
in Fig. 5. Accordingly, the impact resistance of the
graphite/epoxy composites may be improved by hy-
bridizing them with SMA fibres. Paine and Rogers
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Figure 5 Stress—strain curves of various engineering materials [29].
The maximum strain energies for the materials are listed.

[8, 28] have developed the concept and demonstrated
that under certain load conditions the impact energy
absorbing ability of graphite and glass composites can
be effectively improved by hybridizing the composites
with Ti—Ni SMA fibres. Hybrid composites with im-
proved impact and puncture resistance are very at-
tractive because of their great potential in military and
commercial civil applications.

2.2.2. Materials fabrication and
characterization

The fabrication of hybrid composites with SMA fibres
in polymer matrices has been addressed by many
investigators [31—39]. Generally, the shape-memory
hybrid composite materials can be manufactured with
conventional polymer matrix composite fabrication
methods, by laying the SMA fibres into the host com-
posite prepreg between or merging with the reinforc-
ing wires and then using either hot-pressing or an
autoclave and several different types of cure cycles.
Previously, a few attempts to incorporate embedded
Ti—Ni wires directly into a polymer matrix composite
proved largely unsuccesful due to manufacturing diffi-
culties and problems associated with interfacial bond-
ing [32]. To avoid the interfacial bonding issue, SMA
wires were alternatively incorporated into polymer
matrix by using coupling sleeves [25—27]. Both ther-
moset and thermoplastic composites have been
addressed [28—39]. Comparatively, fibre-reinforced
thermoplastics offer some substantial advantages over
fibre-reinforced thermosets because of their excellent
specific stiffness, high fracture toughness, low moisture
absorption and possible fast and cost-effective manu-
facturing processes. However, the high processing
temperatures may be problematic with respect to the

embedding of SMA elements. The thermoplastic pro-
cessing must be performed at higher temperatures,
typically, between 423 and 673K, whereas, the ther-
moset processing cycle of the composites is in the
relatively low temperature range of RT—443K. The
thermoplastic processing cycle has some effect on the
microstructure of the SMA fibres as manifested in the
change in transformation temperatures and peak re-
covery stress: the transformation temperatures of the
SMA shift upwards while the peak recovery stress
drops as a result of the thermoplastic processing [31].
The thermoset processing only mildly affects the
transformation characteristics of SMA fibres. How-
ever, some dynamical properties of SMA fibres may be
significantly affected [39, 40].

Much of the previous research on the SMA hybrid
composites utilized the one-way shape-memory effect,
especially in the applications which require recovery
stress of the SMA. Much care should be taken to
prevent shape recovery of the prestrained SMA fibres
or wires during the composite cure cycle. The com-
plexity of manufacturing the SMA composites can be
greatly simplified by using the two-way shape-mem-
ory effect [32, 34]. That is, the SMA wires will be
trained to exhibit the two-way shape-memory effect
prior to embedding in the matrix. The effect of pro-
cessing parameters and training of the SMA elements
on the performance of the SMA hybrid composites
has been addressed by Paine and Rogers [31], White
et al. [32, 33], and many other researchers [37, 38, 40].

Void content is one of the pressing issues in manu-
facturing the SMA hybrid composites. Voids in
composite materials significantly affect the material
integrity and behaviour. Their presence in the SMA
composites will not only lead to property degradation
of the host composite material, but the efficiency of
activation and the level of interfacial bonding between
the SMA fibres and host matrix will also be sacrificed.
Accordingly, the void growth in the composites has
been examined by White et al. [32, 34]. In the hot-
pressed composites with graphite/epoxy laminates
and embedded Ti—Ni fibres, the average void content
was found to be 10.20%. Voids were shown to be
concentrated near the embedded Ti—Ni wire locations.
Additionally, the interfacial bonding was quite poor.
The void content can be reduced to as low as 1.29%
by autoclave stage curing [32].

Another issue of particular concern is the interfacial
bonding. In the SMA hybrid composites, maximum
interfacial adhesion between the SMA wire and the
polymer matrix is desirable because most applications
require maximum load transfer, and a strong inter-
facial bond also increases the structural integrity of
the final composites [35, 41]. To improve the inter-
facial bonding, various surface treatments of the SMA
fibres or introduction of a coupling interphase have
been examined. Paine and Rogers [35] and Jon-
nalagadda et al. [36, 41] have estimated the interfacial
bond strength of SMA fibres which were subjected to
different surface treatments before embedding in vari-
ous host polymer matrix composites. The pull-out test
was used qualitatively to compare the interfacial ad-
hesion. Five kinds of Ti—Ni fibres, that is, untreated,
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Figure 6 (j) Average interfacial debond strength, (h) maximum
shear stress induced in the matrix, and (—j—) maximum displace-
ment of embedded SMA wire, for the different surface treatment
cases. Data source [41].

Figure 7 The first-mode frequency as a function of temperature for
plain graphite/epoxy composite and the SMA hybrid [7].

nitric acid-etched, hand-sanded, sand-blasted and
plasma-coated, and two kinds of host matrix mater-
ials, i.e. graphite/epoxy and PEEK/carbon (APC-2)
composites, were examined. The pull-out test results
indicated that in the Ti—Ni fibres APC-2 system,
a brittle interface failure without friction occurred,
resulting in overall lower peak pull-out stress levels. In
the Ti—Ni fibre/GR/EP system, however, a strong
mechanical interaction or friction between the Ti—Ni
fibre and GR/EP composite was involved. As a result,
the fibre pull-out stress levels show a dependence on
the adhesion between Ti—Ni fibres and host composite
and, on average, the peak pull-out stresses are signifi-
cantly higher than those in the APC-2 composites
[35]. Generally, sand-blasting of Ti—Ni fibres in-
creases the bond strength while handsanding and acid
cleaning actually decrease the bond strength. Surpris-
ingly, it was found that plasma coating of the fibres
did not significantly alter the adhesive strength at all
[35, 36, 41]. Jonnalagadda et al. [41] also measured
the in situ displacements of embedded SMA wires and
the resulting stresses induced in the matrix by using
heterodyne interferometry and photoelasticity, respec-
tively. As expected, the constraining effect of the
matrix increases with increasing bond strength, caus-
ing a decrease in the displacement of SMA wire and
a corresponding increase in the interfacial shear stress
induced in the matrix, as illustrated in Fig. 6.

2.2.3. Modal modification and dynamic
property tuning

2.2.3.1. Active and passive vibration control. Within
the Rayleigh-Ritz approximation, the first natural fre-
quency of the transverse vibration wave for a clamped
SMA hybrid composite beam can be simply expressed
as [42]

x6
1
"a

l2 A
El

q B
1@2

A1!al3

8El B
1@2

(3)

where a is a constant, q the density of the beam, l the
length, El the bending stiffness, and q is the recovery
stress generated by SMA fibres. The frequencies and
the amplitues of the lower vibration modes are also
functions of the recovery stress and stiffness [42—44].
Accordingly, the natural frequencies and vibration

amplitudes of the composite beam can be altered by
tuning the recovery stress of the embedded SMA fibres
through heating. Bidaux et al. [39, 40] investigated the
dynamic mechanical properties and phase trans-
formation in polymer(epoxy)-based SMA composites
with embedded Ti—Ni fibres. Although the martensites
are constrained by the surrounding matrix, the onset
and the evolution of the R-phase and martensitic
transformation are only slightly affected by the pres-
ence of the matrix, but the dynamic moduli and the
damping are significantly modified: in the composite
with 1 vol% Ti—Ni fibres and prestrain of 5%, high
forces and frequency changes up to 50% were ob-
served, and the change in the resonance frequency is
directly related to the change in the axial force. Heat-
ing the composite to temperatures close to the
glass—rubber transition of the matrix may lead to
large, irreversible changes of the vibration frequency.
It should be noticed that the R-phase transformation
in some Ti—Ni fibres may be more appropriate than
martensitic transformation for applications in com-
posites. This is because R-phase transformation ex-
hibits a very high stress-rate that can give rise to large
frequency changes per unit temperature (i.e. minimum
electrical power). Meanwhile, because the transforma-
tion strain associated with the R-phase transforma-
tion is small, it is desirable for the composites to limit
the shear stresses at the fibre—matrix interface which
may lead to debonding. In addition, R-phase trans-
formation exhibits a quite small transformation
hysteresis, thereby making it feasible to control the
properties precisely [40]. Unfortunately, R-phase
transformation can be found only in some Ti—Ni-
based SMAs with certain composition and usually
after specific thermomechanical treatments.

Rogers [7] measured the natural frequency as
a function of temperature for the graphite—epoxy
beams with and without embedded SMA fibres. By
embedding 15 vol% fraction of Ti—Ni fibres, the ac-
tivated first frequency of the clamped—clamped beams
at 422K can be changed by as much as 520%, as
shown in Fig. 7. For the SMA hybrid composites, it is
more effective to control the vibration by activating
the SMA fibres. Rogers et al. [24, 45, 46] calculated
the first ten natural frequencies of the inactivated and
fully activated composite plate and, the frequencies
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Figure 8 Effect of the SMA fibre activation and boundary condi-
tions of the SMA hybrid composite beam on the changes in first ten
mode frequencies. (a) Calculated results for (2) activated and (/)
inactivated cases, and (m) the change [46]; (b) experimental results
for various boundary conditions, (m) clamped—free, (j) partially
activated, (-m-) clamped—simply supported [47].

were predicted to shift upwards with different levels, as
shown in Fig. 8a. Schetky et al. [47] measured a total
of 10 frequency response functions and 48 mode
shapes for three kinds of boundary conditions,
namely, clamped and simply supported, clamped—free,
and clamped—free and partially activated. In all the
cases, the resonant frequencies and the mode shapes
were significantly altered by activating the SMA
fibres. On average, however, the variations of the
partially activated plate were greater than those
achieved with the other two boundary conditions,
as illustrated in Fig. 8b. This result suggests that
partial activation of the composite plate spatially
may lead to a greater efficiency in the vibration
and acoustic control [45, 47]. Along with the changes
in the first ten mode frequencies, varying degrees of
decrease in the vibration amplitudes can be achieved
[7, 24, 26, 42, 43].

The overall characteristics of the SMA hybrid com-
posite are affected mainly through the edge-effect.
A finite element analysis showed that as long as the
SMA fibres are fixed, they may be embedded only
around the composite plate edges and still provide the
same control authority as SMA fibres embedded
throughout the composite plate [48]. Extensive modal
test results have confirmed the active modal modifica-
tion capability of the composite structure [47]. Baz
et al. [26] embedded SMA wires near the outer surfa-
ces of rotating drive shafts to control the bending

stiffness of the rotating beam. They observed changes
in vibration amplitude of the beam and shafts and in
the natural frequency of the first mode during activa-
tion of embedded Ti—Ni wires. They also inserted
SMA wires with sleeves into flexible beams to control
their buckling and vibration behaviour and they
showed that the buckling load of a flexible fibreglass
composite beam can be increased by a factor of three
as compared to the buckling load of an uncontrolled
beam [26, 33]. Epps and Chandra [27, 49] also de-
monstrated the active-tuning capacity of graphite—ep-
oxy rectangular solid section beams with SMA wires
inserted in embedded sleeves. The SMA wires were
activated using electrical resistance heating, and
a large tensile strength recovery force developed in
them due to the mechanical constraints provided by
the clamps at both ends of the beam. The recovery
stress was predicted using a finite element constitutive
model and compared well with experimental results.
A 22% increase in the first natural frequency was
shown by using 2% volume fraction of SMA wires,
and a 23% increase in the fundamental frequency
of an actual helicopter composite shaft with 7.4%
volume fraction of SMA wires embedded was demon-
strated [49].

From the standpoint of passive vibration control,
high inherent material damping is desirable for adap-
tive composite structures because it can be effectively
tailored to enhance the overall passive damping of
structural dynamic systems. The damping capacity of
SMA smart composite laminae have been evaluated
through analytical integrated micro-macro-mechan-
ical approaches by Baburaj and Matsuzaki [50, 51].
In their approach, two different types of matrices,
namely, intermediate-modulus high-strength (IMHS)
DX210 epoxy and intermediate modulus low-strength
(IMLS) polyester were considered; and the Ti—Ni
fibres were assumed to be embedded in three kinds of
primary host materials, namely, E-glass fibres with
DX210 epoxy(E-glass/IMHS), high-modulus surface-
treated graphite fibres with DX210 epoxy
(HMS/IMHS) and with polyester (HM-S/IMHS). It
was found that the factors such as SMA fibre volume
fraction, the fibre orientation and the stacking se-
quence of SMA composites have strong influences on
the specific damping capacity (SDC) and on the natu-
ral frequencies of the SMA hybrid composites and
structures [50]. A considerable enhancement of the
modal SDC was observed as the SMA fibre volume
fraction increases in the host material. For example, as
much as 35% enhancement of longitudinal SDC could
be achieved by embedding 5 vol% Ti—Ni fibres to
a conventional HM-S/IMHS composite, while a 17%
enhancement of modal SDC in the fundamental mode
was possibly by 10% increment of Ti—Ni fibre in the
E-glass/IMHS host material. In both the cases, the
volume fraction of matrix material was kept at 50%.
The modal SDC of the first three modes were found to
decrease gradually as the SMA fibre orientation in-
creases, with a maximum when the laminate angle is
0° and a minimum at $45°. Meanwhile, in all cases,
the natural frequencies change in an opposite way to
the modal SDC [51].
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2.2.3.2. Acoustic radiation and transmission control. In
addition to the natural frequencies, the mode shapes
of the SMA composite structures are changed or
modified by activating the embedded SMA fibres [24,
45—47]. The variations and modifications of natural
frequencies and the mode shapes have a significant
impact on the control of structural acoustic radiation
and transmission. Based on the numerical analyses
in terms of composite modes instead of the usual char-
acteristic modes, Liang et al. [46] investigated the
directivity pattern, acoustic transmission loss and
radiation efficiency of SMA hybrid composite plates
(Ti—Ni/graphite/epoxy laminae, with 10 vol % Ti—Ni
fibres) for the activated and inactivated cases, using
both APT and ASET control strategies. An examina-
tion of the results revealed the following features.

1. The directivity pattern is governed mostly by the
composite mode of the plate and, as the frequencies
increase, more transmitted sound becomes concen-
trated at the transmitted angle which is close to the
sound incident angle. Moreover, the directivity pat-
tern at high frequencies where the modal density is
increased might not be changed very much by activat-
ing the SMA fibres, instead, the magnitude of the
transmitted power can be changed significantly in
such cases.

2. For the inactivated plate, at low frequencies the
radiation efficiencies of the fourth, sixth and seventh
modes are higher than those of the second and third
modes while the first mode is the most efficient radi-
ator. When activated, the first mode remains largely
unchanged, but the order of the second and third
mode is changed by shifting their relative position,
and the tenth mode is also changed significantly. The
dominating modes of the plate response at different
excitation frequencies depend on the transmission
power of the individual modes and their coupling
effects. For instance, at 220Hz excitation frequency,
the sixth and seventh rather than the first and second
are the dominating modes.

3. The main effect of activation of the embedded
SMA fibres is to shift the dip in the transmission loss
profile to higher frequencies, whereas the transmission
loss is reduced in an average sense over the frequency
range examined [46]. Accordingly, it is feasible to
implement the structural acoustic control algorithm
by activating the SMA fibres to disturb the domina-
ting mode shapes and shift the natural frequencies
away from the frequencies that most efficiently trans-
mit the sound.

Experimental investigations have demonstrated the
feasibility of utilizing the SMA-reinforced composites
to allow minimization of radiated sound for harmonic
beam vibration and placement of peak radiation
response at specified frequencies within a
controllable range [52]. Measurements of the sound
radiation from clamped—baffled TiNi-reinforced
graphite—epoxy composite beams were performed us-
ing two different control strategies, namely, minimiz-
ation control and frequency placement control. The
closed-loop minimization control algorithm was
aimed to shift beam resonances away from discrete,
harmonic, disturbance frequencies, minimizing the

acoustic radiation. Various disturbance frequencies
were selected to coincide with beam-resonant frequen-
cies of the SMA composite beam and in all the cases
the sound pressure was effectively reduced to the
background noise levels. For a sinusoidal disturbance
at 32 Hz ("first mode), controlled sound pressure
levels showed a reduction of 20—25dB. For excitation
at 145 Hz ("fourth mode), the sound reductions were
about 25—30 dB. The peak radiation frequency place-
ment control, using a thermal model based on the
correlations between the frequencies of the lower
order vibration modes and the composite beam bulk
temperature, allowed tuning of the beam radiation
response anywhere within an octave bandwidth above
the fundamental mode [52]. Active modal modifica-
tion in conjunction with active strain-energy tuning
has been shown to be effective in reducing sound
transmission response [8]. These results indicated that
a SMA composite structure may be tailored to give
a uniform dynamic response over a large temperature
range or give some other adaptive dynamic response
as a function of temperature.

2.2.4. Active structural modification
Deflection and shape control can be accomplished
using the same techniques as described for vibration
control tasks. However, differing from applications
where only stress-stiffening is required, active shape
control requires a combination of high recovery forces
and recovery strains from the SMA elements to pro-
duce significant shape change in the host structure.
Accordingly, either large SMA volume fractions are
necessary to cause quickly significant levels of shape
change in graphite- and glass-reinforced composite
structures or, the shape change occurs only at quasi-
static rates [8, 24]. Active buckling control can be
imagined in which SMA fibres are stiffened within
a composite to alter the critical buckling load of the
structure. However, depending on the boundary con-
ditions and orientation of the embedded SMA fibres,
the critical buckling load may be either increased or
decreased by changing the Young’s modulus of the
SMA fibres and by introducing distributed in-plane
loads to the structure [24]. Chaudhry and Rogers [53,
54] have numerically analysed the deflection and
buckling of a laminated composite plate with embed-
ded SMA fibres. Using active strain-energy tuning and
active property tuning techniques, the maximum de-
flection for several activation schemes was demon-
strated. Baz et al. [26, 55] have shown that discrete
Ti—Ni SMA actuators can be used to control buckling
of flexible composite beams. In the composite beams,
the SMA strips were embedded inside sleeves which
were located at the neutral planes and arranged paral-
lel to the longitudinal axes of these composite beams.
The results indicated that by incorporating SMA ele-
ments in the structure it would be feasible to control
the shape of composite beams without compromising
their structural stiffness or frequencies. Lagoudas and
co-workers [56, 57] have developed the theory on the
deformation of flexible rods with various configura-
tions of embedded SMA wires. The deformed shapes
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and extent of deflection for various SMA wire config-
urations were determined and the thermal response of
the active flexible rods was also evaluated. Pfaeffle et
al. [58] presented some experimental results on the
rods with prestrained SMA wires which were embed-
ded off-axis in elastomeric cylinders. The effects of
some parameters such as SMA/rod interfacial shear
strength and number of SMA wires for creating opti-
mal shape control in the flexible rods were investi-
gated and some design strategies for rod fabrication
were suggested. Shahinpoor and Wand [59, 60] de-
signed and modelled the novel fibrous SMA ‘‘muscle’’.
Numerical approaches using finite element method
predicted that a large deflection of the bending muscle,
which was composed of a flexible beam, a thin-wall
elastic tube, and an embedded Ti—Ni SMA wire as an
actuator, could be realized under small change of
strain in the SMA wire. More structural modification
approaches utilizing SMA fibres can be found else-
where [60—64].

Bi-directional environmentally responsive com-
posites composed of Ti—Ni fibres and carbon fibre-
reinforced thermoplastic were designed by Yoshida
et al. [65, 66]. Although the response and recovery
rate need further improvements, superior performance
and responsive shape control of the composite could
be achieved by the appropriate choice of properties,
geometries and volume fractions of the SMA elements
and the matrix. Because the SMA elements are usually
activated by resistive heating, the response time is
ultimately limited by the cooling process. The usable
bandwidth of SMA actuators for structural control
can be increased by using several actuators in parallel
and energizing subsets of these during successive
cycles of structural motion. Tests showed that both
the first and second modes of a Ti—Ni composite
cantilevered beam could be excited through sequential
excitation of the SMA wires [67].

In some static or quasi-static structural control ap-
plications, the deflection should be minimized and
must return to its original shape after being deformed
by a load. In design of composite pressure vessels,
multi-layer composite cylinders are preferable to
thick-wall, single-layer cylinders because the inner
layers can expand and transfer load to the outer
layers, allowing the entire wall thickness to be loaded
as efficiently as possible with no problematic residual
stress. Polymer matrix composite (PMC) cylinders
expand or dilate under internal pressure much more
than their equivalent metallic counterparts for their
lower transverse and wire direction elastic moduli, but
the excessive radial expansion of the multi-layer de-
signs may limit their use in applications requiring
metallic liners or internal pistons without leakage
[68]. Accordingly, the radial dilation should be as
small as possible. Paine and Rogers [68, 69] designed
an adaptive SMA composite cylinder to reduce the
radial expansion. The SMA wire rovings were impreg-
nated with polymer resins to form a shape-memory
alloy composite (SMAC) or Ti—Ni/epoxy composite.
The composite was wrapped as a separate layer
around or within other PMC cylinder layers, much
like filament winding of the composite-reinforcing

fibres. The prestrained SMA wires generate a control-
lable level of recovery stress when activated. Conse-
quently, the recovery stress produces an active
external pressure against the inner PMC layer, produ-
cing a compound cylinder effect that can be used to
reduce radial expansion and some of its harmful
effects. Theoretical modelling of graphite/epoxy,
glass/epoxy, and KevlarT/epoxy composites predicted
that the SMAC outer layers generate preferential com-
pressive stresses in the inner composite layers and
hence reduce the peak hoop stresses or increase the
loading capacity. In a graphite/epoxy/SMA composite
cylinder with a 55° ply angle lay-up, a reduction in
peak tensile hoop stresses of 344.7MPa (50]103 p.s.i.)
was demonstrated [68]. Experimentally, a reduction
of the radial expansion by 0.3% in glass/epoxy-SMAC
composite cylinders was observed [69]. The SMA
composite cylinders make it possible to produce com-
posite cylinders with thinner walls than monolithic
PMC designs and with significantly lower weight than
monolithic metal. Because the SMAC-induced pres-
sure can be turned on or off, the active composite
cylinder will not cause binding of the cylinder wall
with the internal piston when the cylinder is at lower
pressures. However, local buckling of the inner com-
posite layers may be a problem in the case of passive
SMA composite cylinders design.

For smart structural applications involving actu-
ation, such as buckling and shape control, the durabi-
lity of the hybrid composite should be given a due
consideration. Friend et al. [70—72] and Doran [73]
have addressed this issue with unidirectional glass
fibre-reinforced epoxy laminates containing Ti—Ni
SMA fibres orientated parallel to the glass-fibre direc-
tion. The maximum deflection of the composite canti-
lever beam increases with increasing prestrain and
volume fraction of SMA fibres. However, degrada-
tions or instabilities in both inactivated shape and
activated deflection response were observed during
cyclic actuation of the hybrid composite. In particular,
a dramatic decrease in output strain was observed
during the first cycle of actuation. Initially, Friend and
Morgan [70, 71] ascribed the instabilities to the accu-
mulation of internal damage resulting from interfacial
decohesion and thermal degradation. Later, they sug-
gested that the degradation originated from the effect
of initial manufacturing and operating conditions on
the SMA performance [72]. The level of the degrada-
tion is controlled by the prestrain, the inherent elastic
stiffness of the composite beam, and the volume frac-
tion of the SMA fibres [73].

2.2.5. Impact damage resistance
As shown in Fig. 5, shape-memory alloys dissipate the
strain energy of the order of four times of high alloy
steel and 16 times that of many graphite/epoxy com-
posites through the stress-induced martensitic trans-
formations. The unique strain energy absorbing
capacity of SMAs can be used to actively control the
propagation of cracks. Rogers et al. [74] proposed
a method to use shape-memory alloys as actuators in
order to extend material life-span by accelerating
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Figure 9 Comparison of the impact energy absorption for various
composites under (a) low-velocity impact test and (b) high-velocity
impact test. Data source [28]. The dissipated energies are volume
normalized.

closure of fatigue cracks and lowering crack propaga-
tion speed using multiple shape-memory alloys fixed
at the bottom of the notch part where stress concen-
tration took place and by applying electric currents
there to raise temperature, thus causing contraction
forces and lowering the average stress at the point.
Du and Nie [75] showed that stress concentration
at notch tips can be reduced by placing prestrained
Ti—Ni wires on the surface of tensile test specimens
made of epoxy resin and by applying electric heating
to the Ti—Ni wires to make them contract with shape
memory.

Of particular interest, however, are the recent at-
tempts made by Paine and Ellis et al. [28—30, 76—81]
to improve the impact damage resistance of brittle
thermoset matrix composite materials by hybridizing
the composites with SMAs. The response of various
SMA hybrid composites with different interaction
configurations to low, high and ballistic velocity im-
pact were examined.

2.2.5.1 Low-velocity impact. Ti—Ni fibre/epoxy com-
posite materials with fibre volume fractions of the
order of 10—25% were laminated to host composites
as surface layers instead of being embedded, to facilit-
ate observation of the failure modes and simplify fab-
rication. Two types of host composites were used:
graphite/bismaleimide (gr/bis) and glass/epoxy (gl/ep).
An aluminium/epoxy composite and Kevlar/epoxy
composite were also used as comparison hybrid
layers. The low-velocity impact test (velocity
(6m~1s) was performed using an instrumented drop-
weight impact tester; the dissipated impact energy and
deflection during impact were determined from
force—time data [28, 30, 76, 77]. The ability of various
materials to resist the motion of the tup during low-
velocity perforation can be illustrated from the load
versus displacement response. The results are sum-
marized in Fig. 9(a). The normalized energy values
represent the amount of energy per unit volume re-
quired to perforate the various materials. It is evident
that the Ti—Ni/graphite composite produces an in-
crease of 35% for the volume-normalized perforation
energy over the monolithic gr/ep host composite,
whereas the aluminium and Kevlar hybrids produce
little or no increase at all in the energy. For the
glass/epoxy system, because the monolithic gl/ep
composite demonstrated significantly greater impact
toughness than the monolithic gr/ep composite, the
affect on the perforation energy was not so pro-
nounced. The SMA hybrids demonstrated a slightly
improved perforation toughness whereas the alumi-
nium and Kevlart hybrid composites showed a
diminished benefit. Visual inspection revealed that
the composite with SMA fibres resisted the cutting
action through distributing the impact load over
a greater surface area, because SMA remained intact
during the perforation event. The monolithic gr/ep
and gl/ep, and the aluminium and Kevlart hybrids all
failed locally from a punched or cut hole from the
local transverse shear stresses at the edge of the impact
site [28, 30].

The low-velocity impact experiments on graphite/
bismaleimide composite laminates with 2.8 volt %
embedded SMA fibres were also performed by Paine
and Rogers [76]. The tests on both clamped ‘‘large
deflection’’ and clamped—clamped ‘‘small deflection’’
specimens revealed that the impact resistance could
be greatly improved by embedding SMA fibres,
as shown by the remarkable increase in the peak
impact force and the reduction of the impact-induced
delamination area by as much as 25% [76]. More
recently, Kiesling et al. [29] investigated thin graph-
ite/bismaleimide composites embedded unidirection-
ally and bi-directionally with 3 and 6 vol% Ti—Ni
fibres, respectively. The results showed that while the
stiffness and ultimate strength of the composite re-
mained unchanged, an increase in absorbed impact
energy of 41% was observed in bi-directional SMA
hybrids and 23% in unidirectional SMA hybrids.
However, C-scans of the bi-directional SMA hybrids
showed a 22% larger delamination area as compared
to plain gr/ep composite [29]. A quasi-static model
[79] demonstrates that contact deformation, global
bending deformation and transverse shear deforma-
tion are the energy absorption mechanisms for the
SMA/graphite/epoxy composites under a low-velocity
impact. At very low velocities, the contact energy
absorption is the most effective mechanism, while the
shear deformation absorbs most of the impact energy
at higher impact velocities. The total energy absorp-
tion of the SMA hybrid composites increases when
the stress-induced martensitic transformation occurs.
These results shed some light on the design of the
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SMA hybrid composites with improved impact-dam-
age resistance.

2.2.5.2. High- and ballistic-velocity impact. Usually,
high-velocity impact refers to such situations as a bird
colliding with an airplane at the speeds in the range of
30.48—243.84 m s~1 (100—800 ft s~1), while ballistic im-
pact events include situations such as a projectile
fired from a gun at speeds exceeding 243.84ms~1

(800 ft s~1) [78]. Because the high- and ballistic-velo-
city impact events are characterized by a much more
local response of the composite than the low-velocity
impact events, the impact results may demonstrate
significantly different behaviour from the low-velocity
test. Paine and Rogers [28] performed the high-velo-
city impact test at a velocity of up to 152.40 m s~1 (500
ft s~1) by using a non-instrumented gas gun. The im-
pact energies of surface-layered SMA hybrid com-
posites were determined from impact velocity. The
perforation energy values normalized by volume are
presented in Fig. 9b. As shown in the figure, for the
graphite/epoxy system, the SMA hybrid composite
increased the perforation toughness by 100%, and for
the glass/epoxy system an increase of 67% was dem-
onstrated. In both the systems, the Kevlart hybrid
composites demonstrated only a slight improvement
to impact energy, while the aluminium hybrid showed
little, if any, improvement.

Ellis et al. [78, 80] investigated the ballistic-impact
resistance of the graphite composites with various
SMA component configurations by using a 9mm
Beretta handgun with the projectile velocity greater
than 274.32 m s~1 (900 ft s~1). The unidirectional
Ti—Ni SMA fibre layer with 1.2 vol% was embedded
on the front face, in the middle, and on the backface of
the host graphite/bismaleimide composite, respective-
ly, to form three hybrid configurations. The impact
results revealed that the backface appeared to be the
most suitable location of the SMA fibres in the hybrid
composite, and no increase in the energy absorption
was observed when the SMA fibres were placed on the
front and middle locations. In all cases, the SMA
fibres were typically pulled through the graphite with-
out being strained to their full potential, resulting in
a slight, if any, improvement in the high-velocity im-
pact resistance. Increasing the volume fraction of the
unidirectional SMA fibres or adding two perpendicu-
lar layers of SMA fibres on the backface of the com-
posite yielded no remarkable increase in energy
absorption. These facts suggest that the high strain-
energy absorption capabilities of SMA were not fully
utilized at ballistic velocities because of the high
strain-rate effects coupled with a strain mismatch be-
tween the relatively tough SMA fibres and the brittle
cured epoxy resin [78]. However, the SMA fibres were
found to be more effectively used when embedded
between layers of the thermoplastic extended-chain-
polyethylene (ECPE, or SpectraTM) prepreg which
were then placed on the backface of the graphite
composite: an increase of 23—24% in the energy ab-
sorption was achieved when compared to the plain
graphite composite. Nevertheless, the SMA fibres

were still not fully utilized as evinced by the lack of
fibres strained to failure [80] ; more work is needed in
this area.

The SMA hybrid composites with improved pen-
etration resistance may be useful in both military and
civil applications, such as helmets, portable light-
weight shelters and other personal armour systems for
ballistic protection [28, 29, 80].

2.3. Shape-memory polymer hybrid
composite laminates

Advanced composite laminates such as carbon fibre-
reinforced plastics (CFRP) have a relatively low
damping capacity, that can be improved by hybridiz-
ing CFRP with aramid or glass fibre-reinforced
plastics (GFRP), or adding other polymeric damping
materials to them. The latter approach has been pro-
ved to be more effective than the former [81]. Because
shape-memory polymers (SMPs) have a high-damp-
ing capacity, and the glass transition temperature, ¹

'
,

where the loss factor tan d reaches a maximum value,
can be easily controlled, they can be utilized to im-
prove the damping capacity of the laminates. Accord-
ingly, Fukuda et al. [81] designed an SMP hybrid
composite by sandwiching the shape-memory poly-
mer between layers of CFRP or GERP composite
laminates. Three kinds of shape-memory polymer
films, named by SMP-L, SMP-M and SMP-H, having
approximately the same maximum value of loss tan-
gents (maximum tan d"1.0) at 299, 334 and 365K,
respectively, were prepared. The interleaved com-
posite laminates integrating an SMP film about
100lm thick between four plies of CFRP and GFRP
prepreg sheets were cured in a hydraulic press. The
SMP/CFRP composite with a thickness of about
2mm and the SMP/GERP composite with a thickness
of about 1.5mm were cured at 393 and 443K for 4 h,
respectively. The loss tangents were measured at a fre-
quency of 1Hz in the temperature range from
283—393K. It was found that the tan d of CFRP and
GERP was significantly improved near the ¹

'
of each

SMP. The amount of improvement for CFRP was
superior to that for GFRP: the maximum tan d for
SMP/CFRP composite was about 400 times that of
CFRP, and only 30 times in the case of GFRP. Experi-
mental results of the maximum loss tangents and the
corresponding peak temperatures, ¹

1
, for the SMP

and their hybrid laminates are summarized in Table I.
In addition, it was found that within the frequency
range 0.1—10Hz, the change in frequency had no re-
markable effects on the tan d of the laminates. Tensile
tests results indicated that the tensile strength and
modulus of SMP/GFRP laminates were almost the
same as those of GFRP, but in the case of CFRP,
a reduction of about 15% in the strength and modulus
was observed [81].

Shape-memory polymers may also serve as the host
matrix material to form adaptive composites. Liang
et al. [82] used various kinds of fibres such as chop-
ped fibreglass, unidirectional Kevlart fibre and woven
fibreglass in SMP melts to fabricate fibre-reinforced
thermoplastic composites by using a hot press. It was
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TABLE I Summary of experimental data on maximum loss
tangent for SMP, CFRP and GFRP composite laminates [81]

Material Maximum tan d Peak temperature
¹

1
(K)

SMP-L 1.0 299
SMP-M 1.0 334
SMP-H 1.0 365

CFRP 3.5] 10~4 —
CFRP/SMP-L 1.1] 10~1 309
CFRP/SMP-M 1.4] 10~1 340
CFRP/SMP-H 1.5] 10~1 365

GFRP 6.0] 10~3 —
GFRP/SMP-L 2.3] 10~1 320
GFRP/SMP-M 1.8] 10~1 349
GFRP/SMP-H 2.6] 10~1 362

shown that in the as-fabricated SMP composites there
is a good bonding between the fibres and the SMP
matrix. Tensile tests indicated that the fibre-reinforced
SMP composites had improved strength and modulus
over monolithic SMP. The woven fibreglass SMP
composite had the highest ultimate strength and
Young’s modulus. Its strength increased by 50% and
its modulus by almost four times. In addition, the
chopped fibreglass-reinforced SMP composite had
a higher elongation limit of 3% at 6.7% strain rate, in
comparison with the value of 1.5% for woven fibre-
glass SMP composite. Because the Young’s modulus
of the embedded fibreglass is much greater than
that of SMPs, the SMP composites did not exhibit
shape-memory effect in the direction of the fibres.
However, a certain amount of bending deflection re-
covery was observed in bending tests. It was found
that the SMP solution was much more suitable to
make composite prepregs than general fibre-rein-
forced thermoplastics. SMP laminates were hot-press
fabricated from the SMP composite prepregs using
Kevlart, Spectrat, high-stiffness S-glass fibres and
DMF(N,N-dimenthylformamide) SMP solution resin
[82]. The characterization of the fabricated SMP
composite laminates is, however, not often reported in
the open literature.

3. Particulate-reinforced shape-memory
composites

3.1. SMA particulate/aluminium matrix
composites

3.1.1. Material design
Particulate-reinforced metal matrix composites
(MMCs) have attracted considerable attention be-
cause of their feasibility for mass production, promis-
ing mechanical properties and potential high damping
capacity. In applications not requiring extreme load-
ing or thermal conditions, such as automotive compo-
nents, the discontinuously reinforced MMCs have
been shown to offer substantial improvements in
mechanical properties. In particular, discontinuously
reinforced aluminium alloy MMCs provide high
damping and low density and allow undesirable mech-
anical vibration and wave propagation to be sup-

pressed [83]. As in the fibre-reinforced composites, the
strengthening of the composites is achieved through
the introduction of compressive stresses by the rein-
forcing phases, due to the mismatch of the thermal
expansion coefficient between the matrix and rein-
forcement. The most frequently used reinforcement
materials are SiC, Al

2
O

3
and graphite (Gr) particles.

Although adding SiC and Al
2
O

3
to the aluminium

matrix can provide substantial gains in specific stiff-
ness and strength, the resulting changes in damping
capacity may be either positive or negative. Graphite
particles may produce a remarkable increase in damp-
ing capacity, but at the expense of elastic modulus
[83]. More recently, Yamada et al. [84] have pro-
posed the concept of strengthening the aluminium
MMCs by the shape-memory effect of dispersed Ti—Ni
SMA particles. The strengthening mechanism is simi-
lar to that in the SMA fibre-reinforced composites: the
prestrained SMA particles will try to recover the orig-
inal shape upon the reverse transformation from mar-
tensite to parent (austenite) state by heating and hence
will generate compressive stresses in the matrix along
the prestrain direction, which in turn enhances the
tensile properties of the composite at the austenitic
stage. In the light of the well-known transformation
toughening concept, some adaptive properties such as
self-relaxation of internal stresses, can also be ap-
proached by incorporating SMA particles in some
matrix materials. Because SMAs have a comparat-
ively high loss factor value in the martensite phase
state, an improvement in the damping capacity of the
SMA particulate-reinforced composites is expected at
the martensite stage. Accordingly, SMA particles may
be used as stress or vibration wave absorbers in paints,
joints, adhesives, polymer composites and building
materials.

3.1.2. Materials preparation
Shape-memory particulate-reinforced composites can
be fabricated by consolidating aluminium and SMA
particulates or prealloyed powders via the powder
metallurgical route. SMA particulates may be pre-
pared with conventional processes such as the atom-
ization method and spray or rapid solidification
process that may produce powders with a size ranging
from nanometres to micrometres. However, few re-
ports on the production of SMA particles are recorded
in the open literature. Recently, Cui [85] has de-
veloped a procedure to prepare Ti—Ni—Cu SMA par-
ticulates through hydrogenating—ball milling—dehy-
drogenating. The ternary Ti—Ni—Cu alloys, where
there is a substitution of nickel by copper by up to 30
at %, are of particular interest for their narrow hyster-
esis, large transformation plasticity, high shock ab-
sorption capacity and basic shape-memory effect. Owing
to their unique properties, the ternary Ti—Ni—Cu
alloys have shown some promise as smart materials
with actuation, sensing and adaptive strengthening
characteristics [86]. When the content of copper ex-
ceeds 15 at%, the ternary alloys become very brittle
and hence much more easily broken down into partic-
ulates by ball milling. Although it was reported
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Figure 10 SEM morphology of the as-received TiNiCu/Al com-
posite.

Figure 11 X-ray diffraction profile for the as-fabricated TiNiCu/Al
composite.

Figure 12 DSC heating and cooling curves showing the reversible
martensitic transformation in the TiNiCu/Al composite.

previously [87] that Cu—Zn—Al alloy powders had
been prepared from commercial Cu—Zn and alumi-
nium powders using the mechanical alloying tech-
nique, there was no physical evidence to prove that
thermoelastic martensitic transformations occurred in
the as-received powders. In fact, most of the attempts
to prepare the Ti—Ni and copper-based SMA partic-
ulates by ball milling were unsuccessful, due to the
complex mechanical alloying reactions and contami-
nations during the process [85].

In an exploratory attempt [88], a Ti
50

Ni
25

Cu
25

alloy was prepared in a high-frequency vacuum induc-
tion furnace. The ingot was homogenized at 1173 K
for 10 h. The bulk specimens were cut from the ingot.
Chips with a size of about 0.1mm] 3mm] 30mm
from the ingot were hydrogenated at 673K for 5.8 h in
a furnace under a hydrogen atmosphere, then the
chips were ball milled in a conventional planetary ball
mill, the weight ratio of balls to chips being 20 : 1. The
vials were filled with ether and the rotational speed of
the plate was kept constant during milling. The milled
powders were then dehydrogenated in a vacuum fur-
nace at 1073K for 10min at a vacuum of 10~3 Pa. The
X-ray diffraction and transmission electron micro-
scopy (TEM) observations indicated that the as-re-
ceived Ti—Ni—Cu particulates, similar to the bulk
counterpart, possessed a mixture structure of B19 and
B19@ martensites. Differential scanning calorimetry
(DSC) results demonstrated that the particulates ex-
hibit excellent reversible martensitic transformations,
though the peak temperatures were slightly altered
when compared to the bulk material. The
Ti—Ni—Cu/Al composite was prepared from 99.99%
Al powders of size 2—3 lm and the Ti—Ni—Cu powders
with a size of about 30lm. The volume ratio of the
Ti—Ni—Cu powder to aluminium powder was 3 : 7. The
powders were mixed in a mixer rotated at 50 r.p.m. for
10 h. The consolidation of the mixed powders was
achieved by hot isostatic pressing (HIP) at 793 K for
10min, the relative density of the compact being
98.5%. Fig. 10 shows the scanning electron micro-
scopy (SEM) morphology of the as-consolidated
Ti—Ni—Cu/Al composite. The X-ray profile, as shown
in Fig. 11, is clearly a combination of martensite and
aluminium.

3.1.3. Materials performance
The DSC measurements of the Ti—Ni—Cu/Al com-
posite as shown in Fig. 12 are evidence of the
occurrence of the thermoelastic martensitic trans-
formations, just as demonstrated in the Ti—Ni—Cu
bulk and particles. The reversible transformations
could be repeated when the composite was thermally
cycled between 273 and 423 K. These preliminary re-
sults clearly suggest that it is feasible to produce some
adaptive characteristics within the composite through
the shape-memory alloy particulates. Systematic in-
vestigations of the damping capacity and mechanical
properties of the composite are under way.

Based on the Eshelby’s equivalent inclusion model,
Yamada et al. [84] have calculated the residual stress
and stress—strain curve of the Ti—Ni dispersed alumi-
nium matrix composites. The results predicted that
the residual stress along the longitudinal direction is
compressive and that along the transverse direction is
tensile when the SMA particles are given tensile pre-
strain along the longitudinal direction. On the con-
trary, compressive and tensile residual stresses are
induced in the transverse and longitudinal direction,
respectively, when the particles are given compressive
prestrain along the longitudinal direction. The level of
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the residual stress increases with increasing prestrain
and volume fraction of SMA particles. As a result, the
yield stress of the composites shows a corresponding
enhancement effect. It is predicted that the yield stress
may be more than doubled when reinforced by only
a few per cent volume fractions of SMA particles.
Young’s modulus of the composite is not affected by
the prestrain but only by the volume fraction of the
particles. The work-hardening rate also increases with
the volume fraction of particles, but the amount of
increase in the flow stress of the tensilely prestrained
composite is larger than that of the compressively
prestrained one [84].

In an attempt to design an adaptive solder joint,
Trombert et al. [89] proposed the approach of incor-
porating Ti—Ni SMA particles in a SnPb solder paste
to increase the yield stress and reduce the thermally
induced stresses. Computer simulation results in-
dicated that the mean equivalent stress in the com-
posite solder joint can be substantially reduced [89].

3.2. Ceramic particulate/SMA matrix
composites

In a shape-memory alloy matrix, dispersed second-
phase particles may precipitate or form during solidifi-
cation or thermal (mechanical) processing, thereby
creating a native composite. The martensitic trans-
formation characteristics and properties of the com-
posites can be modified by control of the particles,
as demonstrated in Ti—Ni(Nb), Cu—Zn—Al and
Cu—Al—Ni—Mn—Ti alloys [90]. Alternatively, the pres-
ence of a ceramic second phase within the SMA
matrix may lead to a new composite with decreased
density and increased strength, stiffness, hardness and
abrasion resistance. Compared with common ce-
ramic/metal composites, a higher plasticity may be
expected for this composite, because the stress-in-
duced martensitic tranformation may relax the inter-
nal stress concentration and hence hinder cracking.
Previously, Al

2
O

3
particle-reinforced Cu—Zn—Al com-

posites were prepared with conventional casting
method, and this kind of composite was suggested to
be suitable for applications requiring both high damp-
ing and good wear resistance [91]. Using explosive
pressing of the powder mixture, a TiC/Ti—Ni com-
posite was prepared [92, 93]. In the sintered TiC/Ti—Ni
composite it was found that the bend strength, com-
pression strength and stress intensity factors were sig-
nificantly higher than those for TiC/Ni and WC/Co
composites. With increasing TiC content, the hardness
and compressive strength increase, while the ductility
and toughness decrease [92, 93]. More recently,
Dunand and co-workers [94—97] systematically inves-
tigated the Ti—Ni matrix composites containing 10
and 20 vol% equiaxed TiC particles, respectively. The
composites were prepared from prealloyed Ti—Ni
powders with an average size of 70lm and TiC par-
ticles with an average size of about 40lm, using pow-
der metallurgy technique. The TiC particles modify
the internal stress state in the Ti—Ni matrix and, con-
sequently, the transformation behaviour of the
composite: the B2-R transformation is inhibited; the

characteristic temperatures A
4

and M
&

are lowered,
while the M

4
temperature remains unchanged; and the

enthalpy of the martensitic transformation is reduced.
Unlike composites with matrices deforming solely by
slip, the alternative deformation mechanisms, namely,
twinning and stress-induced transformation, are ex-
pected to be operative in the Ti—Ni composites during
both the overall deformation of the matrix and its
local deformation near the reinforcement, thereby re-
sulting in the pseudo-elasticity and rubber-like effect.
Compared to unreinforced Ti—Ni, the range of stress
for the formation of martensite in the austenitic matrix
composite is increased and the maximum fraction of
the martensite is lowered. For both the austenitic and
martensitic matrix, a strengthening effect can be ob-
served: the transformation or twinning yield stress is
increased in the presence of the dispersed TiC par-
ticles. However, for the austenitic matrix, the trans-
formation yield stress is higher than that predicted
by Eshelby’s load-transfer theory, due to the dis-
locations created by the relaxation of the mismatch
between matrix and particles. In contrast, for the
martensitic matrix, the twinning yield stress and
the apparent elastic modulus are less than those pre-
dicted by Eshelby’s model because of the twinning
relaxation of the elastic mismatch between matrix
and reinforcement. Besides the elastic load transfer,
the thermal, transformation, and plastic mismatches
resulting from the TiC particles are efficiently relaxed
mainly by localized matrix twinning, as revealed by
neutron diffraction measurements. As a result, the
shape-memory capacity, that is, the extent of strain
recovery due to detwinning upon unloading, is scarce-
ly affected by the presence of up to 20 vol% ceramic
particles [94—97].

3.3. Magnetic particulate/SMA matrix
composites

Giant magnetostrictive materials (Tb
y
Dy

1~y
)
x
Fe

1~x
(Terfenol-D) provide larger displacements and output
energy density, and superior manufacturing capabili-
ties, as compared to ferroelectrics. However, their ap-
plications have been limited by the poor fracture
toughness, eddy current losses at higher frequencies,
and bias and prestress requirements. More recently,
composite materials based on Terfenol-D powders
and insulating binders have been developed in Sweden
[98, 99]. These composites broaden the useful range of
the Terfenol-D material, with improved tensile strength
and fracture toughness, and the potential for greater
magnetostriction and coupling factor. Most recently,
Ullakko et al. [100, 101] proposed a design concept to
embed Terfenol-D particles within a shape-memory
alloy matrix to create a ferromagnetic shape-memory
composite with combination of the characteristics of
shape-memory alloys and magnetostrictive materials.
The Terfenol-D particles will be elongated by about
0.1% when applying a magnetic field. The generated
force is high enough to induce the martensitic trans-
formations in the matrix at appropriate temperatures.
Therefore, the orientation and growth of the marten-
site plates may be controlled by the magnetic field,

3777



and by the distribution and properties of the Terfenol-
D particles embedded in the matrix. The magnetic
control of the shape-memory effect through the mag-
netostrictive inclusions may be used independently, or
simultaneously with the thermal control to achieve
optimal performance. Experimentally, a Terfenol-
D/Cu—Zn—Al composite was prepared using
Cu—Zn—Al SMA and Terfenol-D (15wt%) powders
with the shock-wave compaction method [101]. How-
ever, the magneto(visco)elastic response and ther-
momechanical properties of the composite have not
been reported. Most probably, this kind of composite
is not suitable as an active actuator material due to
some technical limitations.

As an alternative, the high passive-damping capa-
city of the magnetic powders/SMA matrix composites
may be utilized. It is known that Cu—Zn—Al SMAs
have high damping capacity at large strain amplitudes
due to thermoelastic martensitic transformations, but
their stiffness is inadequate for some structural applica-
tions. On the other hand, the ferromagnetic alloys
including Terfenol-D, Fe—Cr, Fe—Cr—Al and Fe—Al
are known to have relatively high strength as well as
high damping capacity in the range of small strain
amplitudes, and low damping capacity in the range of
large strain amplitudes. In principle, the combination
of Cu—Zn—Al matrix and ferromagnetic alloy inclu-
sions should yield high damping capacity over a wide
range of strain amplitudes, and higher stiffness than
that of the monolithic Cu—Zn—Al alloys. Accordingly,
three kinds of metal matrix composites were fabricated
from prealloyed Cu—26.5wt% Zn—4.0wt%Al powders
(as a matrix) and rapidly solidified Fe—7wt%Al,
Fe—20wt%Cr and Fe—12wt%Cr—3wt%Al alloy
flakes (30 vol%), respectively, by powder metallurgy
processing [102]. The interfaces between the Cu—Zn—Al
matrix and the flakes in the consolidated composites
were delineated and were free of precipitates or reac-
tion products. In all three composites, the overall
damping capacity with the strain in the range
from 1.0]10~4 to 6.0]10~4 were found to show
substantial improvements. In particular, the Fe—Cr
flakes/Cu—Zn—Al composite demonstrated the highest
overall damping capacity and exhibited an additional
damping peak at strain 165]10~6 [102].

4. Hybrid composites based on thin-film
shape-memory alloys

4.1. SMA/Si heterostructures
The development of shape-memory alloy thin films for
microelectromechanical systems (MEMS) is one of the
most important attempts which have been directed
towards the engineering applications of shape-mem-
ory alloys during the past decade [9]. Owing to the
extensive use in IC microfabrication technologies, sili-
con is particularly preferable as the substrate to fabri-
cate and pattern SMA thin films in batches. Ti—Ni,
Ti—Ni—Cu and other kinds of SMA films have been
deposited onto both single-crystal silicon and poly-
silicon substrates [109—116].

From a thermodynamical point of view, Ti—Ni is
unstable as compared to Si [109, 110, 113]. As a result,

interface diffusion and chemical interactions may oc-
cur and titanium and nickel silicides may be formed
on post-deposition annealing, especially at higher
temperatures, of the SMA films. A thin buffer layer of
niobium or gold can prevent the interdiffusion
[109, 111]. In particular, a buffer layer of SiO

2
has

proved to be an effective diffusion barrier and an
excellent transition layer favouring the interface ad-
herence [109, 111, 112].

The delamination of the deposited SMA films from
silicon arising from the evolution of the intrinsic resid-
ual stress, must be prevented. Wolf and Heuer [116]
reported that the adherence of Ti—Ni to a bare silicon
wafer can be improved if it has been cleaned and
etched with a buffered oxide etchant (H

2
O#NH

4
F

#HF) prior to deposition. Also, modest heating of
the substrate under vacuum to around 473 K, prior to
deposition, can minimize contamination and improve
adherence. Krulevitch et al. [111] also reported that
in situ heated Ti—Ni—Cu SMA films adhere well to
bare silicon. The adherence of Ti—Ni film to both bulk
SiO

2
and thermal oxide coated silicon (SiO

2
/Si) were

reported to be excellent. A 50—300nm thick layer of
Ti—Ni with parent B2 phase which remains untran-
sformed was observed adjacent to the interface. The
untransformed interlayer, which may be due to the
effect of the strong (1 1 0) B2 texture, contributes to the
interface adherence by accommodating the strain
through a gradient or by absorbing the elastic energy
[112, 114]. In some cases, electrical isolation of the film
is needed. Wolf and Heuer [116] reported that depos-
ition of a 0.1lm polysilicon layer on SiO

2
prior to

deposition of Ti—Ni resulted in a well-bonded interface.
The structure of the composite films should be

properly designed to achieve optimal performance.
Owing to the mechanical constraints via the interface,
the substrate stiffness, determined by the film/substra-
te thickness ratio, has a significant effect on the trans-
formation characteristics of the SMA layer and on the
output energy of the composite multilayers [112, 114].
The stress and its evolution in the bimorph films
is governed by Equations 1 and 2 in [9]. While, the
tip deflection, d, of the diaphragm cantilever is given
by [111]
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(5)

where l is the cantilever length and r
3%#

the recover-
able stress and the other symbols are defined in the
same way as in Equations 1 and 2 in [9]. The opti-
mum SMA film thickness for maximum cantilever
deflection depends on the relative stiffness of the SMA
film and the underlying beam [111]. The behaviour of
the film depends on the film thickness and approaches
bulk behaviour as the film becomes a few micrometres
thick. However, more complaint actuating films must
be slightly thicker for maximum tip deflection
[111, 114]. Up to now, some novel microdevices using
the SMA/Si diaphragm have been patterned and
fabricated, such as microvalves and microactuators
[117—120], micro robot arm [121] and microgripper
[111, 122].
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Figure 13 Schematic illustration of a smart ferroelastic—ferroelectric
heterostructure for active damping [128].

4.2. SMA/piezoelectric heterostructures
An ideal actuation material would display a large
stroke, high recovery force and superior dynamical
response. Shape-memory alloys exhibit large strokes
and forces but suffer from a slow response. Ferro-
electric ceramics are very sensitive to applied stresses
through the direct piezoelectric effect and generate
powerful forces by means of the converse piezoelectric
effect. The ceramics are characterized by excellent
dynamical response (of the order of microseconds),
but their displacements are quite small (of the order of
a few micrometres) due to their small strain magnitude
((10~3) [4, 123, 124]. There is a large number of
ferroelectric ceramics, but the most widely investi-
gated and currently applied for thin-film technology
are the titanate and niobate (with oxygen octahedral
structure) types, such as lead titanate (PbTiO

3
), lead

zirconate titanate (PZT), lead lanthanum zirconate
(PLZT), barium titanate (BaTiO

3
) and strontium

titanate (SrTiO
3
) [110, 123—126]. By combining fer-

roelastic SMAs with ferroelectric piezoelectric ceram-
ics, some hybrid heterostructures can be fabricated
which may have the optimum characteristics of both
materials.

Piezoelectric thin films can be fabricated with vari-
ous techniques such as sputtering, chemical vapour
deposition (CVD) and sol—gel processing. The sol—gel
process of piezoceramics has had increasing applica-
tions because the chemical composition can be con-
trolled precisely [110, 124, 125]. Of particular concern
here is whether the amorphous piezoelectric materials
can be synthesized on SMA or vice versa. Chen et al.
[127] first successfully deposited thin films of PZT
and PLZT, 0.6 and 1.4lm in thickness, respectively,
on Ti—Ni SMA foils by the sol—gel process and multi-
step spin-on coating techniques. The amorphous films
were annealed at temperatures above 773 K to obtain
the perovskite phases. The dielectric constant and loss
tangent at 100 kHz of the Ti—Ni/PZT composite film
were about 700 and 0.03, respectively, comparable to
that of the bulk ceramics. The PZT films were found
to adhere well to the Ti—Ni alloy for strains as large as
0.4%, and their ferroelectric properties remain un-
changed during repeated cycling through the shape-
memory transformation. However, considerable
cracking was observed when the diaphragms were
subjected to a strain of 0.5% [127]. Jardine and Mer-
cado [110, 128—132] and Alam et al. [133] also suc-
cessfully deposited the thin films of PZT, BaTiO

3
and

SrTiO
3

on to commercially available Ti—Ni SMA
bulk and thin films by sol—gel and spin-on techniques
or with the pulsed-laser deposition method, although
the quality of the multilayer composites were not so
desirable.

It is very important that the fabrication steps be
minimized and, if deposited on amorphous SMA
films, both types of the amorphous thin films be cry-
stallized simultaneously, so as not to promote degra-
dation of performance due to second phases and
chemical interactions via diffusion. The composite
multilayers were annealed at various temperatures
ranging from 723—973K and a suitable crystallization
temperature was found at about 873K [113]. Al-

though the heterostructures have good SME and
piezoelectric properties, the cracking of the
piezoceramic thin-film layer remains a crucial prob-
lem. Generally, a thicker PZT film causes more cracks
than a thinner film, whereas a smooth surface rough-
ness and a slow cooling rate after annealing will fa-
vour the bonding of the PZT film to the Ti—Ni SMA
substrate [128]. An effective method to lessen crack-
ing is to deposit a buffer layer of TiO

2
on Ti—Ni SMA

foil and then deposit the piezoelectric film on the
TiO

2
/Ti—Ni substrate [110, 112, 128]. Nevertheless,

how to accommodate the stress and dynamical coup-
ling of the dissimilar material layers remains a crucial
problem to be solved before they can be employed for
actuation application.

Alternatively, the ferroelastic—ferroelectric hetero-
structures may be effective for active suppression of
high-amplitude acoustic waves and shock waves
[128—132]. By coupling Ti—Ni SMA to PZT via
a TiO

2
layer, the final composite material can sense

and actuate to dampen structural vibration without
the use of external control. The mechanism of the
active damping can be explained by considering an
approaching stress wave, as shown in Fig. 13. The
stress wave propagates through the Ti—Ni SMA, pro-
ducing a stress-induced martensitic transformation
where some of the mechanical energy is converted into
heat. The wave further produces a voltage across the
first ferroelectric layer that can be used to produce an
out-of-phase stress wave by the second ferroelastic
layer and, in turn attenuate the stress wave. A mechan-
ical metallic impedance buffer (such as aluminium,
titanium and Ti—Ni) is used to provide time for the
counter-stress actuation to occur [128—132].

4.3. SMA/Terfenol-D heterostructures
Magnetostrictive materials with either crystalline or
amorphous structure provide higher counterforces
and up to 20 times higher strains than piezoelectric
ceramics [134—136]. Of the magnetrostrictive mater-
ials presently available, the compounds Terfenol-D
(Tb

x
Dy

1~x
Fe

2
), have the largest magnetostriction and

magnetization at room temperature, the strain output
being up to 0.2% when subjected to up to 2500 Oe,
and in some cases approaching 1%. The alloys are
analogous to electrostrictive materials in that they
respond quadratically to an applied field. The opti-
mum performance of Terfenol-D is achieved with the
combination of a bias field plus a bias compressive
stress. The superior properties of Terfenol-D have
attracted increasing attention to the use of this
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material in both bulk and thin-film form, applied for
actuation [112, 134—136].

Terfenol-D films can also be fabricated with the
conventional magnetron sputtering techniques. Su
et al. [112, 137—141], Quandt et al. [142, 143] and
other researchers [144—146] have successfully depos-
ited Terfenol-D films of various thickness on to
Si/SiO

2
substrates by d.c. magnetron sputtering. The

thin films deposited at room temperature are amorph-
ous and the crystallization temperatures are much
higher ('903K). However, it should be remembered
that the as-received amorphous Terfenol-D films are
excellent ferromagnetic materials. The amorphous
films show a sharp increase in the magnetostriction at
low magnetic fields and no hysteresis during cycling of
the field, whereas the crystalline films exhibit mag-
netostrictive hysteresis loops and large remanence and
coercivity which limit their application [138]. Because
the amorphous Terfenol-D films do not involve an-
nealing at elevated temperatures which may address
undesirable chemical interactions or diffusion, the fab-
rication of hybrid composite films seems easier and
more simple. For instance, the Terfenol-D films can be
grown on crystalline Ti—Ni SMA bulk or deposited-
films annealed before the sputtering of the Terfenol-D
films. Su et al. [114] proposed the concept of a Ter-
fenol-D/Ti—Ni/Si composite in which the ferroelastic
actuation can be triggered by a magnetic field. The
Terfenol-D/SiO

2
/Si and Ti—Ni/SiO

2
/Si composites

have been fabricated and characterized [114], but no
further reports on the successful fabrication of Ter-
fenol-D/Ti—Ni hybrid composite films are recorded in
the open literature. Surely, this is an interesting and
exciting subject that needs further investigations and,
of course, some technical challenges, such as the inter-
face compatibility, still remain ahead.

5. Conclusion
Various kinds of smart hybrid composites can be
designed by incorporating shape-memory material
components with other advanced materials. The
shape-memory hybrid composites show some unique
properties or functions such as self-strengthening, ac-
tive modal modification, high damping, damage resist-
ance and control, which can be utilized to tailor or
tune the overall performance of a smart structural
system. Thanks to the numerous efforts and explora-
tory approaches made by many researchers, during
the past decade the shape-memory hybrid composites
have evolved and become one of the promising ad-
vanced composites for smart systems. However, the
research and development of the smart composites is
still in its initial stage; many problems remain unresol-
ved and some technical challenges lie ahead. One of
the key problems of particular concern is to develop
novel interfacial technology to bind shape-memory
materials with dissimilar components. To achieve
a multilayered or gradient interface which provides
durability, mechanical stability, dynamical coupling,
chemical and physical compatibility, will be the very
demanding objective. For shape-memory material
components, a well-bonded interface will constrain

the martensitic transformations and hence sacrifice
the shape-memory effect and other performance.
Therefore, a compromise should be reached to achieve
optimal overall performance of the composite system.
Unfortunately, the phase transformation character-
istics under various constraints exerted by coupled
components via the interface, including the phase
stability, ageing or degradation and transformation
hysteresis, are not well understood so far. The next
task is to gain a better understanding to model the
potential emergent properties of the complex systems
with the non-linear integration effects of the compo-
nents. Fortunately, a variety of established models
describing the constitutive relations of SMA hybrid
composites [20, 25, 103—108] have shed light on the
future approach directions. The numerical modelling
and computer simulations of the composites, in com-
bination with some experimental characterization ef-
forts, will further lead to the optimization of technical
factors such as structural configuration, geometry,
processing procedures and selection of component
materials, and, in turn, the improvement of the overall
performance of the smart composites.
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