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Abstract

Metal-matrix composites reinforced with shape memory alloys (SMA, including long fiber, short fiber, and

particle) are “intelligent materials” with many special physical and mechanical properties, such as high damping property,
high tensile strength, and fatigue resistance. In this review article, the fabrication method, microstructure, interface
reaction, modeling, and physical and mechanical properties of the composites are addressed. Particular emphasis has been
given to (a) fabrication and microstructure of aluminum matrix composites reinforced with SMAs, and (b) shape memory
effect on the physical and mechanical properties of the composites. While the bulk of the information is related to
aluminum matrix composites, important results are now available for other metal-matrix composites.

KEY WORDS: Metal-matrix composites; Shape memory alloy; Fabrication method; Microstructure;
Interface reaction; Mechanical properties

1 Introduction

Metal-matrix composites (MMCs) are attractive materials
for automotive, aerospace, and many other applications due
to their superior mechanical and/or physical properties
[1-3]. Among them, aluminum matrix composites (AMCs)
are more competitive due to low density, ease to produce
with relatively low cost. The reinforcements of MMCs,
including continuous (long fiber) and discontinuous (short
fiber, whisker, and particle) ones, mainly take advantage of
their mechanical properties such as high elastic modulus,
high strength, and high stiffness, and most of these rein-
forcements are ceramic materials such as SiC, Al,Os, and
so on. However, there is another kind of reinforcements for
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the MMCs, shape memory alloys (SMAs), which could
provide the MMCs with not only mechanical but also
functional properties.

SMAs belong to a class of shape memory materials,
which have the ability to ‘memorize’ or retain their pre-
vious form when subjected to certain stimulus such as
thermomechanical or magnetic variations. Owing to their
unique and superior properties, SMAs have drawn signifi-
cant attention and interest in recent years in a broad range
of applications [4, 5]. Most SMAs such as NiTi inherently
exhibit a thermally or stress-driven phase transformation
which comes from a reversible thermoelastic phase trans-
formation between a low-temperature martensite phase
(B19’ or R structure) and a high-temperature austenite
phase (B2 structure) [6-8], and this special ability provides
them with three main interesting properties [9, 10]: (1) the
potential to change from high to low damping character-
istics through temperature or stress change; (2) a super-
elastic behavior in the austenitic state; and (3) the shape
memory effect (SME) upon heating from a deformed
martensitic state, with a possible two-way SME upon
training.
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Therefore, SMAs can be considered as smart materials
with marked variations in physical or mechanical proper-
ties, since they can sense thermal or stress stimulus and
exhibit actuation or some pre-determined response, making
it possible to control some technical parameters such as
shape, strain, stiffness, natural frequency, damping and so
on [10]. Moreover, these special characteristics can be
maintained in the composites, which is one of the advanced
materials for the 21st century [11, 12]. For example, the
hybrid polymer composites with embedded SMAs show
great promise as materials able to adapt the shape, thermal
behavior, or vibrational properties during service [13].
Furthermore, hybridizing composites using SMA is one
solution to improve their impact damage tolerance since
SMA materials can absorb the energy of the impact
through superelastic deformation or recovery stress,
reducing the effects of the impact on the composite struc-
ture [14].

On the other hand, it is well established that compres-
sive residual stress in the matrix, caused by higher thermal
expansion coefficient (CTE) of the reinforcement than that
of the matrix [15], is beneficial to tensile properties, par-
ticularly fracture toughness [16, 17]. However, in most
MMC systems, the CTE of reinforcements is much smaller
than that of metal matrices, resulting in tensile residual
stress in the matrices at room temperature. Hence, if there
is a special reinforcement that shrinks in the matrices at the
temperature of operation or with increasing applied stress,
compressive stress may be introduced into the matrices,
thus contributing to the tensile properties of the MMC [17].

In view of this, SMAs are excellent candidate rein-
forcements for this purpose. By incorporating SMAs into
aluminum alloys, fiber or particle, SMAs-reinforced alu-
minum matrix composites (SMAs/Al) with special func-
tions can be produced [17]. When the SMAs/Al composites
are fabricated at high temperature and then cooled down to
room temperature, a residual thermal stress is introduced
into the composites due to the mismatch of the CTE
between the SMA reinforcement and the Al matrix. During
the past decades, much research has been focused on this
respect. In this review article, the current state of the
understanding and development of MMCs with reinforce-
ment of SMAs is addressed.

2 Strengthing Mechanism of Shape Memory Effect

Furuya et al. [18, 19] designed a AMC reinforced by NiTi
fiber (NiTi¢/1100Al). The design concept for the SMA/
metal composites strengthened by SME can be illustrated
in Fig. 1: (a) the composite is prepared and heated to shape
memorizing temperature, (b) cooled to martensitic phase,
(c) subjected to tensile prestrain ¢, and (d) heated above the
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Fig. 1 Design concept of SMA fiber-reinforced aluminum matrix
composite [18]

austenite finish temperature (Ay) when TiNi; shrinks to the
length shape memorized at step (a). The last step induces
the compressive stress in the matrix along the fiber axis
while the fiber is in tension. Thus, when the composite is
tested to obtain the tensile stress—strain curve, the unrein-
forced metal could be enhanced by two strengthening
mechanisms: back stress strengthening and compressive
stress strengthening induced by the shape memory effect.

It was considered that the induced compressive stress in
the matrix is very useful for closing the micro-cracks in the
composite because it can effectively decrease environ-
mental stress, which in turn increases the fatigue life of the
composite [19]. In consequence, the increases of the
resistance to fatigue failure in the composite are attributed
to three factors [19], as summarized schematically in
Fig. 2: (a) large compressive stress effect by the shape
memory shrinkages of SMA fibers plastically prestrained in
the matrix, (b) higher stiffness value of the composite
including the higher stiffness of austenite phase SMA, and
(c) stress-induced phase transformation and the mechanical
strain energy consumption (i.e., dispersion) which have
successively occurred at the propagating fatigue crack-tip.

The SME strengthening mechanism of MMCs with
dispersed SMA particles as schematically illustrated in
Fig. 3 [20, 21]: (a) disperse the SMA particles uniformly in
the matrix with the particles being perfectly bonded to the
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Fig. 2 Schematic figures concerning main factors for enhancing resistance to fatigue crack propagation: a compressive stress by shrinkages of
TiNi; b stress-induced phase transformation of TiNi at crack-tip, and ¢ high stiffness of TiNi above Ay temperature [19]
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Fig. 3 Strengthening mechanism of composite by shape memory effect: a sintering; b shape memory heat treatment at 500 °C, followed by ice-
quenching; ¢ deformation processing (below Ay); d heat treatment above A¢ [20]

matrix (Fig. 3a); (b) conduct a shape memory treatment on
the composite (Fig. 3b); (c) change the shape of SMA
particles by giving prestrain to the composite at its mar-
tensitic stage (Fig. 3¢); and (d) transform the SMA parti-
cles from martensite to austenite by heating the composite
above the austenite starting point (As) (Fig. 3d). This shape
recovery process induces compressive stress in the matrix
along the prestrain direction, which in turn enhances the
tensile properties of the composite at the austenitic stage.
Meanwhile, this mechanism can also be applied to the long
fiber and short fiber-reinforced composite.

3 Fabrication of Long SMA Fiber/Wire-Reinforced
AMCs

SMA fibers are of particular interest for their high damping
capacity and sensing and actuating functions. Accordingly,

in the light of enhancing the tensile properties using
compressive residual stress in the matrix of a composite,
SMA fibers are excellent candidate fillers [11]. In fact, so
far most efforts of producing SMA-reinforced MMCs are
focused on the NiTisreinforced AMCs, and the fabrication
method mainly includes casting, vacuum hot pressing, and
ultrasonic consolidation. AMCs reinforced with long SMA
fiber/wire and their fabrication methods are summarized in
Table 1.

3.1 Casting

It was reported that the AMC reinforced with SMA fibers
(4-9 vol% NiTi/1100Al) was first prepared by pressure
casting method [18, 19, 22]. The fibers were first arranged
into a fixed holder which was perforated by a laser beam
(fiber diameter 200 pm, hole diameter 300 um), then the
holder with the fibers was placed in a mold into which
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Table 1 Summary of the AMCs reinforced with long SMA fiber/wire and their fabrication methods

Matrix Reinforcement (vol%) Fabrication method Temperature/pressure Interface Ref.
1100A1 NiTi¢ (4-9) Pressure casting 970 K/65 MPa 4 pum layer [18, 22]
1100A1 NiTi¢ (3) Hot pressing 843 K/200 MPa cool pressure  Unknown [19]
AC4AAl NiTiy (2-4) Squeeze casting 1,023 K/75 MPa 1.1 pm layer [23]
1060A1 NiTi; (20, 30) Pressure infiltration process 973 K/30 MPa Three layers Al;Ti, Al3Ni  [24]
6061A1 NiTi¢ (19.5) vacuum hot pressing 813-823 K/2,000 kgf Unknown [26, 27]
6082A1 NiTi; (~20) Hot pressing 806-833 K/25 MPa Unknown [28-34]
6061Al NiTif (2.7-5.3) Vacuum hot pressing 813-823 K/7-54 MPa Al3Ti, AlzNi [35, 36]
6061A1 NiTi; (3.2-7.0) Hot-press method 803-833 K/40-60 MPa 400 pm layer, Ti Al, [37-39]
2024A1

Pure Al NiTi; (6, 20) Vacuum hot pressed 873 K Unknown [40-43]
3003- NiTi¢ NiTi ribbon (5, 15, 20) Ultrasonic consolidation <573 K/<300 kPa No [44—48]

H18
6061A1 NiTi (20) Spark plasma sintering 633-873 K NisTi, Ti,Ni, AI3Ni [49]

molten aluminum is poured, followed by pressurization. It
was reported that a thin diffusion region about 4 pm in
thickness was found across the fiber-matrix interface, and
most of the NiTi; was not affected and reaction products
such as TiAl, were scarcely observed. Squeeze casting
was also adopted to fabricate SMA/Al composite
(24 vol% NiTi wire/AC4A alloy) [23]: a preform was
acid cleaned to remove the oxidation film on the TiNi wire,
the conditions of squeeze casting were set as 673 K of
mold preheating temperature, and 1,023 K of pouring
temperature of molten Al. It was reported that Al diffused
to the TiNi wires with a thickness of ~1.1 m and the
composite showed fairly good pull-out strength, and the
interfacial bond strength of the TiNi/Al did not change
much according to the conditions of the pouring tempera-
ture and mold preheating temperature.

Recently, Hu et al. [24, 25] fabricated a NiTig1060Al
composite with NiTi; volume fractions of 20 and 30% by a
pressure infiltration method. Different from the normal
casting method, a pre-oxidation treatment was performed
on the TiNi; at 873 K in air for 1-8 h with the aim to
prevent serious interfacial reaction between the Al matrix
and TiNi;z. When the temperature reached 973 K, the
molten 1060Al was poured into the mold in which the
TiNi¢ were placed, followed by pressurization at 30 MPa.

Figure 4 shows the microstructure of the composite with
various fiber oxidized durations. A dense oxide layer with
main component of TiO, phase was formed on the TiNig¢
surface after oxidized in air. With increase in oxidation
time, the thickness of the interfacial layers between TiNig¢
and Al matrix increased, leading to decreased tensile
strength and elongation of the composite. When the oxi-
dation time was 1 h, the tensile strength of the composite
was very close to the theoretical value. At this time, the
interfacial layer can be divided into three parts, as shown in
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Fig. 5: Ti—O layer next to the Al matrix, thin middle layer
containing Ti element, and the Ti-Ni layer next to the
TiNi¢. A similar multilayer was also formed in the interface
when the TiNi fibers were oxidized for 2 h and 4 h.
However, some voids were found between “Ti—O” layer
close to the Al matrix and “Ti—Ni” layer close to the TiNi
fiber (Fig. 6). These voids would reduce the mechanical
properties of the composite.

3.2 Vacuum Hot Pressing

It was reported that a composite of 19.5 vol% NiTi¢/
6061Al could be successfully fabricated by vacuum hot
pressing [26, 27]. First, the fiber-laced sheets with an
average lateral fiber spacing of 0.43 mm were stacked to
the pressing direction. Then, the fiber-laced sheets were
loaded into a BN powder-coated steel hot-pressing die, and
high temperature vacuum consolidated. However, the
interface reaction of the composite was not discussed. The
fabrication of a similar NiTi#6082Al composite (Fig. 7) by
vacuum hot pressing was also reported [28—34]. This pro-
cessing method resulted in good macro-scale homogeneity
and little internal porosity. However, a number of fiber
clusters were present and a significant amount of side by
side fiber contact occurred within the transverse planes
(Fig. 8) [29, 32].

In order to keep the fibers aligned and to prevent them
from contacting each other [26], a modified vacuum hot-
pressing method was developed to prepare NiTi/6061Al
composite [35, 36]. First, the TiNi; were wound around
6061Al sheets at a constant spacing, and then the prepreg
sheets were stuck between the press dies, as shown in
Fig. 9. The effect of temperature and press pressure on
bonding conditions between the fiber and the Al matrix was
carefully investigated (Fig. 10). As the surface of Al sheets
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can be oxidized easily in air, a large plastic flow due to
high pressure is required for breaking the oxidized surface
layer, and an optimized fabrication condition is hot press-
ing performed at 773 K for 30 min at 54 MPa. As shown in
Fig. 11, interfacial reactions between NiTis and Al matrix
were observed at high temperatures. It is considered that
these brittle layers would be fractured easily during the
tensile test, promoting interfacial sliding between the fiber
and the matrix. This insufficient stress transfer from the
fiber to the matrix with the interfacial sliding is expected to
reduce the matrix residual stress, hence reducing the yield
stress of the composite at higher temperatures [35]. The
effect of temperature and press pressure on the interfacial
bonding conditions was further investigated and optimized
[37-39]. Interfacial reaction occurred between the TiNiy
and Al matrix with two generated intermetallic layers, and
the thickness of the diffusion layer is about 400 pm with
the component of Ti,Al, existed.

The hot pressing method was also adopted to prepare pure
Al composite with embedded NiTi; [40—43]. After cold-rolled
4% along the longitudinal direction of the TiNi; at room
temperature to get the ability of SME, no pores or micro-
cracks were observed at the interface of TiNif and Al matrix,
but the interfacial reaction condition was not discussed.

3.3 Ultrasonic Consolidation

Considering that those processes such as casting and hot
pressing are likely to damage or distort the ductile SMA
fibers due to the applications of high temperature and high
pressure, an ultrasonic consolidation technique was adop-
ted to fabricate AMC (NiTig¢3003Al) with the aim of
minimizing fiber damage/distortion and interfacial reaction
[44, 45]. The schematic diagram of the ultrasonic consol-
idation process is shown in Fig. 12. Al foils with a thick-
ness of 100 um were used. Each monolithic tape was
prepared by first welding two layers of the Al foils toge-
ther, and then NiTi; were sandwiched between the two
layers of the tapes and consolidated in the direction along
the fiber length. Full consolidation was achieved within
seconds at relatively low contact pressures (<300 kPa) and
at low temperatures (<25% of fusion temperature). It was
reported that complete plastic flow was induced in the Al
matrix (Fig. 13), which not only bonded the upper and
lower matrix tapes, but also produced intimate contact with
the NiTi;. Neither visible voids/porosity nor chemical
reaction was observed at the NiTi—Al interface.

Recently, an emerging rapid prototyping process based on
ultrasonic metal welding, ultrasonic additive manufacturing
(UAM), is adopted to fabricate Al composite with SMA
reinforcement [46—48]. The primary benefit of UAM over
other metal-matrix fabrication processes is the low process
temperatures, as low as 25 °C. The schematic diagram of

UAM and the microstructure of 3003Al composite with
embedded NiTi ribbon are shown in Fig. 14. First, the
composite was fabricated by consolidating two 150 pm-thick
3003A1-H18 strips onto an Al baseplate. Next, a rectangular
NiTi ribbon 254 pm thick was placed on the surface and two
additional Al tapes were welded. The interface between NiTi
and Al seemed clean without intermetallics due to the
extremely low processing temperature.

Besides the above-mentioned fabrication methods,
spark plasma sintering (SPS) process was also used to
produce SMA/AMC (NiTig6061Al) [49]. The Al alloy
powder with the TiNi; was readily consolidated into
composite at temperatures between 633 and 873 K. The
relative packing density of the composite increased with
increasing sintering temperature. Interfacial reaction
occurred at the interfaces between the Al matrix and TiNig
and the reaction region was considered to consist of three
intermetallic phases which are considered to be NisTi,
Ti,Ni, and Al;Ni. The thickness of the interfacial reaction
region was almost constant regardless sintering tempera-
ture, and it is large when TiNi¢ is small in diameter.

4 Fabrication of Short SMA fiber-Reinforced AMCs

The unidirectional orientation of continuous fibers may
restrict the application of the composites to simple loading
conditions. In order to manufacture complex parts, the
design concept of short NiTi fiber-reinforced AMC was
proposed (Table 2).

So far, most AMC reinforced by short SAM fiber are
NiTif/6061Al produced by pressure-assisted sintering in
ambient air [50-53] or under vacuum [54], and the short
NiTi; volume fraction is 5% [50-52], 0.4% [53], and 3%
[54], respectively. Xie et al. [50] fabricated a 6061 Al matrix
composite reinforced by short NiTi;. The short fibers were
produced by chopping a NiTi ribbon into small pieces, with
an aspect ratio of about 15. The short NiTi; were mixed with
6061Al powder and pressure-assisted sintering in ambient
air. Meanwhile, the AMC hybrid reinforced by short NiTi¢
and SiCp can also produced by this method [51]. It was
reported that extensive diffusion from both NiTi¢ and Al
alloy matrix occurred during the fabrication, and interfaicl
reaction was found in this kind of composite [52]: Al3Ti with
DO,, ordered structure near the NiTi side, AlgFeNi with
AlgCo, (or AlgFe,) type ordered structure near the Al side
(Fig. 15),and Mg—O layer 20 nm in thickness between Al;Ti
and AlgFeNi layers (Fig. 16). The minor elements in the
matrix could be the major elements at the interface. As a
result, itis suggested that it is possible to control the chemical
composition at the interface and further control the
mechanical properties of the composites by selecting the
chemical composition of the Al alloy matrix.
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Fig. 4 Microstructure of TiNigAl composite when TiNi; was oxidized for different time durations: a 1 h; b2 h; ¢ 4 h; d 8 h [24]
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Fig. 5 a Bright-field TEM image of NiTi¢/Al interface with TiNi; pre-oxidized for 1 h; b, ¢ electron diffraction patterns of areas B to E in a close
to Al and NiTiy, respectively [24]
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Fig. 6 TEM images of NiTigAl interface with TiNi¢ pre-oxidized for 2 h a, 4 h b [24]

Pressing direction

Fig. 7 Composite lateral section microstructure of NiTi/6082Al
composite fabricated by vacuum hot pressing [28]

Fig. 8 Optical image of cross section of NiTif/6082Al composite
prepared by vacuum hot pressing [29]

~+— 6061 Al sheet

TiNi wire Laminated

Hot pressed

Fig. 9 Prepreg setting for a vacuum hot pressing of NiTif/Al
composite [35]

Meanwhile, the NiTi; diameters (127 and 51 pm) could
also affect the interface bonding condition [53], the NiTi
fibers with smaller diameter (51 pwm) could better bonded
with the Al matrix, and interfacial debonding was seldom
observed. It is suggested that there is better microstructural
compatibility, i.e., fiber diameter is of the same order as the
Al matrix grain size for this case. However, for the large
NiTi¢ (127 pm), debonding and ‘‘pull-out’ phenomena
could be frequently observed. Investigation on an Al-Si
alloy reinforced by short NiTi; [54] showed that the
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Fig. 10 Effects of temperature and press pressure on bonding conditions between NiTi; and Al sheets in TiNig/6061Al composite (the fiber
diameter is 200 pm): a 773 K, 7 MPa; b 823 K, 7 MPa; ¢ 873 K, 7 MPa; d 773 K, 14 MPa; e 823 K, 14 MPa; f 773 K, 54 MPa [35]

773K
NiTi

Fig. 11 SEM images of interfacial microstructure of TiNif6061Al composite with process temperatures of 773, 823 and 873 K [35]

interface area increased and a double layer was formed
with an outer and inner interfaces for longer sintering time,
presenting different chemical compositions. This is
explained by a longer diffusion time for fiber and matrix
elements, allowing deeper reaction and a larger amount of
interface compounds. Shear tests showed a decaying of
shear strength with increasing sintering stage, with the
lowest sintering time leading to higher properties.

5 Fabrication of SMA Particle-Reinforced AMCs

Particulate-reinforced AMCs have developed remarkably
during the last 30 years as a result of their feasibility for low
density, promising mechanical properties, mass production,
and relatively low cost. AMCs reinforced with SMA particles
and their fabrication methods are summarized in Table 3.
Powder metallurgy is effective to prepare the SMA
particles reinforced AMC, and NiTi, is the most popular
reinforcement [21, 22]. Generally, NiTi, and Al powders
were mixed and cool or hot compacted to a cylinder shape,
and a following extrusion process is needed or not. NiTiCu

@ Springer

particles reinforced AMCs were also investigated by first
generating NiTiCu particles from mixed Ti, Ni, and Cu
powders and then further mixed with Al powders [55], or
by directly mixing NiTiCu particle and Al powders [56,
57]. It was revealed that the TiNiCu particles and the
composite show reversible thermoelastic martensitic
transformations as in the bulk material [56]. The pre-
liminary results indicate that the composite may be a
promising smart composite with native sensing, high
damping capacity, and adaptive performances.

Porter et al. [58] prepared a NiTi,/Al composite by
mechanical milling and powder metallurgy. This process
reduced the particle sizes thereby roughening the surface
texture and enhancing the particle-to-matrix bonding
interface. The powders were then subjected to a heat
treatment to recover its SME but also deposited a thin
oxide layer on the surfaces of the NiTi,, which allowed the
SME to be preserved in the material and inhibited the
elemental diffusion through the hot pressing. The SME
remained after the reduction of the NiTi size, but it was not
as pronounced as that of the as-received condition.
Meanwhile, quite a bit of diffusion between the NiTi
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Fig. 13 SEM micrograph of SMA-embedded specimen prepared by
ultrasonic consolidation process [44]

particles and Al matrix was evident, which led to the for-
mation of intermetallics.

For the powder metallurgy process of a NiTiy/2124Al
composite, at a relatively low sinter temperature but long
time (773 K/90 min and then hot extruded at 753 K), the
interface reaction between the NiTi, and Al was still
obvious [59]: NiTi, were surrounded by a layer of interface
products, Al3Ti and Al3Ni; meanwhile, Al atoms diffused
into the NiTi, to form an Al-rich layer (Fig. 17). The
presence of Al lowered the Ni concentration of NiTi,, and
this affected the transformation behavior by broadening the
intermediate R-phase transformation range [59]. After
shortening the sintering time from 90 to 15 min and

Normal Force

Sonotrode

Fig. 14 a In UAM process, successive layers of metal tape are
bonded together to create metallic composites with embedded
materials. b Cross section of Al composite with embedded NiTi
ribbon. [48]

decreasing the extrusion temperature from 753 to
703-713 K, no intermetallics were observed at the inter-
face (Fig. 18) [60]. However, for the powder metallurgy
process, the considerably shortened sintering time and
lower temperature are not beneficial to the diffusion and
bonding between the powders, and the densification of the
billets, especially for the preparation of large billets. For a
porous TiNi alloy prepared by self-propagating high-tem-
perature synthesis (SHS) [61], severe interfacial reaction
took place during the following infiltration process of
liquid Al: NiAlTi intermetallics were formed at the phase
boundary between TiNi and Al phases, and Niz (AlTi) and
AINi,Ti phases were formed in the Al matrix.

Recently, NiTiy/Al composite prepared by friction stir
processing (FSP) was reported [62, 63]. FSP is a novel
multi-functional processing method based on friction stir
welding [64, 65] and was normally adopted to prepare
ceramic particles reinforced MMC [66, 67]. Dixit et al.
[62] first reported the fabrication of a NiTi,/1100Al surface
composite (2 mm in thickness) by FSP. In their study, the
NiTi, were preseted into four holes, 1.6 mm in diameter
and 76 mm in length, drilled at about 0.9 mm below the
plate surface and parallel to the surface. Then, the pro-
cessed plate was subjected to FSP and a surface composite
was obtained. NiTi, were homogeneously distributed in the
Al matrix and no interfacial reaction occurred around the
NiTi, (Fig. 19). They reported that the SME of the NiTi,
could induce residual compressive and tensile stresses in
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Table 2 Summary of AMCs reinforced with short SMA fiber and their fabrication methods

Matrix Reinforcement Fabrication method Temperature/pressure  Interface Ref.
(vol%)

6061A1 NiTi¢ (5) Pressure-assisted sintering in ambient air 843-853 K/ 3-layers, Al;Ti, etc. [50-

50-70 MPa 52]

6061A1 NiTi; (0.4) Pressure-assisted sintering in ambient air 658 K/60-70 MPa Al-Ti-Ni, Al-Fe-Ni [53]
858 K compounds

AlSi NiTi; (3) Pressure-assisted sintering process under 823 K/6.5 MPa 2-layers, Al-Fe—Ni [54]
alloy vacuum compound

the matrix, improving the mechanical properties of the
composite. This indicates that the SMAs reinforced MMCs
with a good interfacial bonding could be prepared by FSP.
However, in order to achieve a wide application of the
SMAs reinforced AMCs, it is necessary to fabricate the
bulk composites to understand their physical and
mechanical properties associated with the SME.

Recently, Ni et al. [63] prepared a bulk NiTi,/6061Al
composite by FSP. Figure 20 shows the schematic diagram
of preparing the bulk NiTi,/6061Al composites by FSP. A
series of holes were machined on the plates perpendicular
to the plate surface. Four-pass FSP, with a 100% overlap
and the same forward directions, was conducted to the
NiTi,-filled plates at a tool rotation rate of 600 r/min and a
traversing speed of 100 mm/min. The NiTiy/6061Al com-
posite with a thickness of about 5 mm was prepared and
much thicker than the surface composite (~2 mm) in Ref.
[62]. The volume fraction of the NiTi, in the composites
was estimated to about 10%. The microstructure analysis
(Fig. 21) shows that NiTi, were homogeneously distributed
in the Al matrix, and the interface between the NiTi, and
the Al matrix was clean without discernible reaction pro-
ducts. After a T6 heat treatment (solution treated at 515 °C
for 40 min, water quenched, and aged at 163 °C/18 h), the
interface was still clean and no reaction products were
detected (Fig. 22). This means that the NiTi, were stable in
the Al matrix at a high temperature up to 515 °C after
40 min, indicating that the as-FSP composite could be
strengthened through the conventional T6-treatment.

As discussed above, it is clear that how to control the
interfacial reaction between NiTi, and Al matrix is the
most important challenge to produce the NiTiy/Al com-
posites. For the as-FSP composites, the interfacial reac-
tion was completely inhibited due to the following two
factors. First, the duration of the FSP process was sig-
nificantly shorter than that of the casting and PM pro-
cesses, the thermal exposure to higher temperatures lasted
only about several seconds and the whole FSP process
lasted only about several minutes [68]. Second and most
important, the temperature during FSP was much lower
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than that during the casting and PM processes. For
example, the maximum temperature in the nugget during
FSW of 6063Al was about only 400 °C at a rotation rate
of 800 r/min [68].

6 Other MMC with Reinforcement of SMA

Except the AMCs reinforced by SMA, other MMCs with
reinforcement of SMA were also reported during the last
two decades, such as Mg, Ti, and In alloys, as shown in
Table 4.

Pulsed current hot pressing (PCHP) was used to fab-
ricate a NiTi/AZ31 composite (Fig. 23) [69, 70]. Mg
alloy plates with 20 vol% of TiNi; were readily hot
pressed into a composite at 773 K. It seemed that inter-
face reaction occurred in the vicinity of the boundary
between Mg and TiNig but no homogeneous interfacial
reaction layer was formed (Fig. 24). The interfacial region
between the fiber and the matrix consisted of two phases.
About 2-pm-thick layer containing Al and Ni elements
was formed next to the matrix and about 10-pm-thick
layer containing Mg, Al, Ni, and O elements was formed
next to the fiber. A ball-milling combined with hot-
pressing process was also adopted to prepare NiTigyMg
composite [71]. Ball-milled powders of Mg alloy with
different contents of NiTi; were put into a monoaxial
pressing die, in which the fibers in a row were sand-
wiched between two layers of the Mg powders. The
mixed Mg powder and NiTi; were hot pressed at a rela-
tively low temperature of 320 °C with an applied high
pressure of 375 MPa under which the TiNi; were not
damaged or deformed. Microstructure analysis (Fig. 25)
shows that a nearly full dense matrix was achieved, and
remarkable interfacial reaction product or layer was not
observed, indicating that the extremely low hot-pressing
temperature is a key factor to control the interfacial
between the NiTi and Mg matrix.

Recently, Li et al. [72] provided an innovative method
combining pore-forming technique, powder sintering, and
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Fig. 15 TEM bright-field image showing multilayers formed at interface of NiTi/6061Al composite [52]

Al-Fe-Ni layer

Fig. 16 Mg—O thin layer 20 nm in thickness between Al;Ti and
AlgFeNi layers [52]

pressureless infiltration of liquid Mg alloy to fabricate NiTi
shape memory alloy-based composites (Mg/NiTi). The
results showed the existence of minor Ni, Ti, phases such
as NiTi, and Ni3Ti in the NiTi matrix as well as non-Ni,Ti,
phases (e.g., Mg,Ni and MgO) mainly in the infiltrating
material owing to the inevitable reaction between Mg, NiTi
and residual oxygen (Fig. 26). They indicated that the Mg/
NiTi composites possessed excellent mechanical and
physical properties, such as high damping capacity, high
fracture strength, and low density. This study indicates that
if a Mg matrix composite with NiTi reinforcement were
produced by a liquid infiltration process, severe interface
reaction would be probably inevitable.

Esen et al. [73] fabricated NiTi,/Mg matrix composites
by rotary hot swaging and post-annealing heat treatment.
First, mixed Mg and TiNi powders were loaded into thin-
walled copper cylindrical vessels. Subsequently, the pow-
der-filled vessels were evacuated and tightly closed, and
vessels were deformed using a rotary swaging technique, in
which both heat and deformation were applied simulta-
neously, and an annealing heat treatment was carried out at
600 °C for 90 min to homogenize the heavily deformed
structures. The Mg matrix contained elongated grains
comprised of equiaxed recrystallized grains (Fig. 27), and
the TiNip preserved their starting spherical shape during
processing. They reported that the TiNi particles were
debonded during mechanical testing due to insufficient
bonding between the NiTi, and Mg matrix and fracture
resulted largely from the oxide layers present in the inter-
facial region and the magnesium oxide film in the grain
boundaries.

So far, few researches on Ti-matrix composites rein-
forced by SMA reinforcements are reported. A Ti-matrix
composite with reinforcements of TiPdANiW SMA was
fabricated by sheath rolling of the alternatively laminated
SMA and Ti-matrix plates [74]. Figure 28 shows the
schematic of the processing. No debonding was detected at
and near interface areas, but a multi-layered interface
structure with a 30 pum-thick reaction layer was found
between the SMA plate and Ti plates. This study shows
that it is possible to produce a SMA/Ti composite at a
relatively low temperature.

Except for the SMA-reinforced Al, Mg, and Ti com-
posites, investigation on SMA-reinforced metals with low
melting points are also reported recently. For example,
CuAlINi particles reinforced In and (In 4 Sn) alloys were
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Table 3 Summary of AMCs reinforced with SMA particles and their fabrication methods

Matrix Reinforcement Fabrication method Temperature/pressure Interface Ref.
(vol %)
Pure Al NiTi, (2, 4) Hot pressing 70 MPa cool press Unknown [21]
673 K extruded
Pure Al NiTi, (3, 5, 8) Plasma activated sintering 273-853 K/0-39 MPa 1.2 pm layer [22]
Pure Al TiNiCu,, (20) Mechanically alloying + swaged rolled at 723 K Unknown [55]
Pure Al TiNiCu,, (30) Hot isostatic pressing 793 K Unknown [56]
Pure Al TiNiCu, (30) Hot processing 723 K/40-50 MPa, extruded Al;Ti, AIZ3Ni [57]
at 753 K
1090Al NiTi, (10) Hot pressing 823 K Unknown [58]
2124A1 NiTij, (10, 20) Hot pressing and extrusion 773 K/90 min extruded at 753 K Three-layers: AlzNi, Al3Ti, [59]
Al-rich layer
2124A1 NiTij, (10, 20) Hot pressing and extrusion 773 K/15 min extruded at 703 K No [60]
Al NiTi, (36) Self-propagating Infiltrated liquid Al at 1,023 K Ni3(AlTi), AINi,Ti, [61]
high-temperature Ti,Ni, TiNis
synthesis porous TiNi
1100Al NiTi, (-) Friction stir processing - No [62]
6061A1 NiTi,, (10) Friction stir processing - No [63]

successfully fabricated [75-79]. An amount (around
50-60 vol%) of CuAINi powders were selected and
degassed in a tube under vacuum. Then, a metal matrix of
In or In-Sn alloy was infiltrated at a temperature higher
than matrix melting temperature (~ 500 K) under a mod-
erate pressure (0.3-0.4 MPa) for a short time. Figure 29
shows the microstructure of the CuAINi/(In—-Sn) compos-
ites. Relatively good wetting of the SMA particles could be
observed in the composites, and good adhesion was also
observed. Generally, owing to the especially low fabrica-
tion temperature and short processing time, the interface
reaction hardly took place. However, it was confirmed that
Cu dissolved from the CuAlINi particles into both phases of
the InSn matrix, and the higher the Sn content of the
matrix, the stronger the interaction with the CuAINi par-
ticles [77]. It seemed that 10 min at 473 K is enough to
dissolve a certain amount of Cu from the CuAlINi particles
into the molten eutectic matrix [77]. The produced SMA
composites exhibited very high damping capacity in a
relatively wide range of temperature, and the composite
produced with the InSn eutectic matrix shows the highest
damping coefficient [78, 79].

7 Physical and Mechanical Property

7.1 Phase Transformation during Heating Cycle

It was reported that AMC reinforced by NiTi; exhibited a
pronounced, nonlinear thermal contraction during the

unconstrained heating process from room temperature to
120 °C (Fig. 30), while the homogeneous control exhibited
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the expected linear thermal expansion [26, 27, 29-34]. This
indicates the development of an increasing matrix com-
pression stress by a martensite to austenite shape recovery
transformation in the reinforcement. The thermal com-
pression is clearly the result of a powerful shape memory
response in the actuating NiTi;. It therefore appears that the
basic mechanism of the NiTi shape memory transformation
did not significantly change during the unconstrained
heating process.

The stress of the fiber in the composite strongly
increased with increasing temperature until approximately
100 °C. Beyond this temperature, it appears that the
transformation stress in the fiber saturated to a value that is
approximately equal to the high-temperature transforma-
tion limit strength of the extracted NiTi; (750 MPa) [29]. It
was also reported that a suitable prestrain process on the
SMA/metal composites will exhibit a very large thermal
compression response during a subsequent external stress-
free heating process [33, 34]. This very large thermal
compression response is the result of the shape memory
response of the NiTi;, which causes large plastic com-
pression flow in the matrix. The thermal compression
response is shifted to higher temperatures with increasing
maximum room-temperature tensile strain.

Investigation on the reverse martensitic transformation
of TiNi¢#Al composite showed that under the influence of
temperature and recovery stress, the reverse martensitic
transformation of TiNi¢ can be divided into two parts with
different kinetic characteristics: the reverse transformation
of self-accommodating martensite and that of oriented
martensite [25, 40, 42, 43]. For the TiNigAl composite
deformed in the martensite state, one endothermic peak
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5/19/2008
mm 2122272,

Fig. 17 SEM backscatter electron images of NiTi,/2124Al composite sintered at 500 °C for 90 min: a 10 vol% NiTi,; b 20 vol% NiTi,;

¢ detailed interfacial microstructure [59]

COMPO  15.0kv

10pm WD 103mm

CENIM COMPO 150KV H]_mT WD 10.2mm

Fig. 18 SEM backscatter electron images of NiTiy/2124Al composite sintered at 500 °C for 15 min: a 10 vol% NiTi,; b 20 vol% NiTij, [60]

appears on the DSC curve as shown in Fig. 31, and the
peak shifts to higher temperature and its area decreases
with increasing of the prestrain level. This phenomenon is
similar to that observed in the NiTiy/6061Al and NiTiy/
6082Al composites [33, 34].

For the SMA particle-reinforced AMC, it was reported
that both the as-received TiNiCu particles and the TiNiCu/Al
composite showed reversible thermoelastic martensitic
transformations as in the bulk material [56]. The NiTiy/
6061A1 composite fabricated by FSP and the as-received
NiTi, also exhibited a similar phase transformation behavior
during the heating and cooling cycles (Fig. 32) [63].

7.2 Damping Property

The SMA-like NiTi shows the stiffness change and high
damping in the martensite phase at lower temperatures
below My, suggesting the SMA/AI composite can have a
possibility of improvement in the damping capacity in
comparison with the unreinforced Al marix.

It was reported that a NiTi/Al composite with two
different volume fractions of 0.4 and 0.7% showed an
improved damping capacity (tand) over the unreinforced
Al matrix in the range of 273-423 K [18]. This improve-
ment was thought to be caused mainly by the difference of
the stiffnesses between the TiNi; and the Al matrix.
Moreover, the distinct drop of the tand was observed with
increasing temperature, which seems to be related with the
decrease of the high damping of the NiTi; above austenite
start temperature (A;). It was confirmed that the damping
property of the TiNi¢Al composite was improved owing to
the two effects relating to (1) stiffness gap between TiNi
fiber and Al matrix as well as (2) changes of damping
capacity associated with thermal transformation of
embedded SMA fibers [18].

Armstrong et al. [31] studied the damping property of a
NiTi/6082-T6 composite at low temperature of 20, 4, and
20 K. A significant increase in damping below 4 K was
attributed to the sub-saturation martensite variant reorien-
tation processes within the NiTig, and a small increase in
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Fig. 19 SEM images showing uniformly distributed NiTi, in FSP composites a—¢ and of annealed composites d—f [62]

NiTip 0.5-1.0
‘ ‘ FSP

holes: ¢4x5 Al plate

Fig. 20 Schematic diagram of preparing bulk NiTi/6061Al com-
posites by FSP (unit: mm) [63]

the stiffness of the beam was observed, which is similar to
that of [19]. Similar to the AMC with reinforcement of
SMA fiber, SMA particles reinforced MMCs also showed
good damping properties, such as NiTi, reinforced 2124Al
composite [59, 60], and CuAINi particles reinforced In and
(In 4+ Sn) matrix composites [75, 76, 78].

Besides, a porous TiNi matrix composite (about
64 vol% porosity) reinforced with infiltrated Al alloy
showed about 70% of the specific damping capacity of the
TiNi ingot, which is about three times higher than the
calculated value [61]. Figure 33 shows a comparison of the
specific damping capacity for various materials, and the
material with higher specific damping capacity shows
superior damping properties. Al and steel have low specific
damping capacity, but TiNi SMA has a high specific
damping capacity due to the existence of martensite in
TiNi. The enhanced damping properties result from the
martensite twin in the interior of TiNi and between plates.
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In addition to the martensite twins in the TiNi phase, the
Al/TiNi composites have numerous phase boundaries
between Al and TiNi. It is considered that the improved
damping properties of the Al/TiNi composites are attrib-
uted to the phase boundaries between Al and TiNi and
ternary phase precipitation in the Al matrix in spite of the
decrease in the fraction of martensite TiNi phase.

7.3 Tensile Property

A comparison between the cases of the 9 vol% NiTi¢
reinforced 1100Al composite with 4% prestrain and with-
out prestrain clearly indicated the SME (Fig. 34) [18, 19];
the tensile flow stress of the composite with prestrain
improved over that without the prestrain. The tensile
properties were improved by strengthening mechanism of
thermoelastic SME of NiTiy, and the increases in Young’s
modulus, yielding stress and work-hardening rate depend
on the volume fraction of NiTis, and the yield stress also
depend on prestrain. Similar results were found in a NiTig/
1060A1 composite [24].

The self-strengthening mechanism generated in most
NiTi¢Al composites showed that shape memory recovery
force in NiTi; works more strongly at a higher tempera-
ture than at room temperature [19, 26-30, 32, 37, 49],
except the NiTig1060Al composite [24]. This increase
was due to the imposition of a large longitudinal com-
pressive stress in the matrix by the NiTi; shape memory
response, and due to the increase in NiTi¢ transformation
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100 pum

Al matrix

Fig. 21 SEM images showing uniform distributions of NiTij, in large a and small b NiTi, reinforced 6061Al composite, backscattered electron
(BSE) image and EDS line scan showing no interfacial reaction ¢ and TEM image showing no interfacial reaction d [63]

Al matrix

Fig. 22 Microstructure of NiTi,/6061Al composite after T6 heat treatment showing no interfacial reaction: a SEM image; b TEM image;

¢ HRTEM image [63]

stress with increased temperature. It was reported that the
tensile strength of a prestrained composite increased as
the amount of prestrain increased at high temperature.
However, the amount of increase of strength does not
increase noticeably as the amount of prestrain increases at
room temperature [37].

It should be noted that the SMA-matrix interface may
greatly influence the strength of the SMA/metal compos-
ites. For the TiNi¢/Al composite reinforced by pre-oxidated

TiNi; [24], with increase in oxidation time, the thickness of
the interfacial layers between TiNi fiber and Al matrix
increased, and the tensile strength and elongation of the
composite decreased. When the oxidation time was 1 h,
about 1-pum-thick interfacial layer was formed, resulting in
the strong interfacial bonding between Al matrix and TiNiy.
In this case, the tensile strength of the composite is very
close to the theoretical value (272 MPa) at room
temperature.
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Table 4 Summary of Mg, Ti, and In alloy-based MMCs reinforced with SMA

Matrix Reinforcement (vol%) Fabrication method Temperature/pressure Interface Ref.
AZ31 Mg NiTi; (20) Pulsed current hot pressing 773 K/32 MPa 12 pm layer [69, 70]
Mg NiTi¢ (=) Hot-pressing process 593 K/375 MPa No [71]
Mg Porosity NiTi (—) Pore-forming technique, Infiltrated liquid Mg,Ni, MgO [72]
powder sintering Mg at 973 K
Mg NiTij, (5) Rotary hot swaging and 723 K press 90-100 nm layer, MgO [73]
post-annealing heat 873 K heat
treatment
Ti TiPdNiW plates (—) Sheath rolling 1,223 K 30 um layer [74]
In/(In 4 Sn) CuAlNi, (60) Infiltrated <500 K No [75-79]

7.4 Fatigue Property

The suppression effect of SME on the fatigue crack prop-
agation of a NiTi¢/Al composite has been carefully inves-
tigated [19]. The results showed that crack propagation rate
was decreased by the heat up of the specimen (Fig. 35a),
and a distinct and drastic drop of da/dN was observed in the
part immediately after the increase of specimen tempera-
ture to 90 °C (>Ay) (Fig. 35b). This phenomenon seems to
be caused by shape memory shrinkages of NiTi; and the
following crack-tip suppression effect by the compressive
stresses at the crack-tip where the embedded NiTi; have
been already plastically deformed. This phenomenon is
very similar to the fatigue crack growth retardation
immediately after a spike overload which is generally
thought to be caused by the crack-closure effect owing to
the large residual stresses in the newly formed large local
plastic zone around an overloaded fatigue crack-tip.

The fatigue property of a TiNi/6061Al composite with
various contents of NiTi; and a reduction of area was
investigated under both room temperature and high-tem-
perature conditions (Fig. 36) [38]. The delay in crack
propagation was not so large at room temperature, but it
was clear at high temperature. The effect of compressive
residual stress and the stress reduction effect ahead of the
crack-tip occurring within the matrix acts largely at high
temperature due to local shape memory shrinkage and the
difference in the thermal expansion coefficient of the TiNig
and Al matrix. The crack retardation effect of the cold-
rolled composite was higher than that of the nonrolled
composite at high temperature due to the residual com-
pressive stress effect in the matrix. The most optimal
condition for manufacturing of the fatigue limit is when the
volume ratio is 5% and the reduction ratio is 10% [39].

Similarly, SMA particles reinforced AMC also showed
good fatigue property. For example, 10 vol% NiTi,/
1090AIl composite displayed a remarkable amplification of
both the peak-stress capability and the fatigue life [58]. At
the higher stress levels, the composites had a decidedly
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longer life than the unreinforced matrix. Note especially at
the peak stress, where the matrix material can only with-
stand 50 cycles until failure, while the composite retains its
integrity for 150,000 cycles. The increased fatigue life at
higher stress levels is due possibly to a stress-induced
phase transformation in the shape memory particles.

7.5 Wear Property

The sliding wear behavior of a 30 vol% TiSONi25Cu25
particle-reinforced AMC under dry conditions was inves-
tigated with a 10 vol% SiC,/Al composite and pure Al
chosen as the comparison specimens [57]. The results
indicate that the TiNiCu/Al composite exhibited higher
wear resistance than the unreinforced matrix and are
comparable with the 10 vol% SiC,/Al composite; mean-
while, the interfacial reaction was a predominant factor in
determining the wear behavior of the TiNiCu/Al compos-
ite. A self-adaptive mechanism of heat absorption by the
reverse martensitic transformation and crack propagation
suppression by stress-induced martensitic transformation in
the SMA particles was proposed to contribute to enhancing
the wear resistance of TiNiCu/Al composites.

The wear characteristics of a NiTig/6061Al composite
in dry sliding were also investigated with a NiTi/6061Al
composite with 5 wt% SiCp and monolithic 6061Al and
6061A1 with 5 wt% SiC, chosen as the comparison
specimens (Fig. 37) [51]. The results showed samples
with transverse fiber orientation show mostly abrasive
wear; whereas, monolithic and parallel samples show
adhesive wear mechanism. In addition, SiCp improved the
wear resistance of the composite and the monolithic
samples.

8 Modeling and Numerical Study

Several models to understand the strengthening mechanism
of the SMA composite have been proposed, based on one-
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Fig. 23 Basic mechanism of bonding by spark discharge. Hatched
areas are heated zones by spark discharge [69]

and three-dimensional approaches. The one-dimensional
model was mainly targeted for the long fiber-reinforced
composites. At the beginning, the three-dimensional

models were mainly focused on the particle-reinforced
composites, then they were also adopted to analyze the
long fiber-reinforced composites.

The strengthening of AMCs by the SME of dispersed
SMA particles has been theoretically studied [20-22]. An
analytical model was proposed for the prediction of the
Young’s modulus (E), yield stress (o), and work-harding
rate (Etc) on the bases of the Eshelby’s equivalent inclu-
sion method. The analysis was performed on the NiTiy/Al
composites with varying volume fractions and prestrains of
the particles. The analysis indicated that the three param-
eters increase with increasing the volume fraction of the
particles, and g increase with increasing prestrain while £
and Etc are independent of prestrain. The residual stress
caused by the shape memory of predeformed reinforce-
ments contributes significantly to the strengthening of the
composite. The analytical results of the composite yield
stress based on the present model agree well with their
experiment [22], and mainly agree with the experimental
results of Ref. [23].

An analytical model for thermomechanical behavior of
the composites was developed by utilizing an exponential

Fig. 24 a SEM micrograph of NiTiAZ31 composite fabricated by PCHP process; b SEM micrograph showing the white arrows show
insufficient reacted areas between fiber and matrix (indicated by white arrows) [69]

Fig. 25 SEM micrographs of TiNi/Mg composite: a cross section of TiNi, arrow denotes pressure direction of top punch, b magnified

interfacial zone [71]
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Fig. 27 Microstructures of NiTi/Mg parallel to swaging direction: a spherical TiNi, and elongated Mg grains; b recrystallized grains in

elongated Mg grains [73]

type of SMA constitutive model [35]. The model predicts
that the key parameters affecting the yield stress are the
fiber volume fraction, prestrain, and matrix heat treatment,
and it successfully predicts the observed yield stress
dependency on the fiber volume fraction and prestrain, but
underestimates the experimental results. The gap between
the predicted and experimental yield stresses was explained
by the dislocation punching during cooling process.

A nonlinear, one-dimensional composite constitutive
model was proposed to analyze the experimental results of
NiTi¢/Al composites [26, 27, 29]. The model provides a
compact quantitative description of the thermal mechanical
response of SMA/metal composites. The skew character-
istics of the transformation probability fields result in the
correct exhibition by the model of a number of important
experimental features. However, this model does not
account for the 25 °C tensile upper transformation point,
and overestimates the elevated temperature yield strength
of the composite. Further, three distinct thermal-
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mechanical processes were treated [80, 81]: an isothermal
tensile loading—unloading process at the stress-free mar-
tensitic transformation start temperature, an external stress-
free thermal process to a temperature above that required
for the shape reverse transformation, and an isothermal
loading at the thermal process finish temperature [80];
thereafter, a quantitative theory of the self-thermal-plastic
response of NiTi actuated metal MMCs was developed
[81]. The comparison between the model calculations and
experimental data showed that the quantitative agreement
between measured and calculated results is good at low and
moderate temperatures but clear attenuation of the fiber-
shape memory response appeared at temperatures above
100 °C.

Pseudo-elasticity, shape memory, and strain hardening
effects were taken into account to model the constitutive
behavior of NiTi¢Al composite along the fiber direction
[82]. During phase transformation, the strain-temperature
relation of NiTi; has been assumed to be linear. Hence, the
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Fig. 28 Schematic illustration of sheath-rolling process [74]

incremental stress—strain relationship of the fibers has been
derived for each temperature range where phase transfor-
mation takes place. As a result, a bi-linear and isotropic
hardening elasto-plastic model was employed to describe
the stress—strain relation of the Al matrix.

A micromechanics method based on the Mori-Tanaka
averaging scheme was used to predict the effective ther-
momechanical properties of SMA fibers reinforced com-
posite [83-85]. A 3D constitutive response for the SMA
fibers was formulated first, and the composite transforma-
tion stress, the maximum transformation strain, and the
hysteresis were computed. The results showed that shape
recovery in the fibers may be enhanced or inhibited by the
complex stress state induced by the effective loading path
and eigenstresses [83]. For the two-way SME in a SMA

fiber/elastomer matrix composite, processing-induced
residual stresses alter the austenite start and martensite start
temperatures, as well as the amount of strain recovered
during a complete cycle of temperature and fiber martensite
volume fraction [84, 85].

A quantitative micromechanics-based analysis on the
role of microstructure and constituent properties was pro-
posed in the overall behavior of SMA-reinforced composite
[86, 87]. The macroscopic constitutive relations of the
composite are established using self-consistent approach
where the micro—macro correlation is realized by volume
averaging and by introducing the concept of stress and
strain concentration tensors. In this micromechanics mod-
eling, the internal stress and strain in both matrix and SMA
and their evolution are derived as function of externally
applied thermomechanical loading as well as the degree of
phase transformation in SMA [86].

A new 3D model for explaining the strengthening
mechanism of the SMA composite was proposed, which
incorporates Eshelbys inclusion theory, Mori-Tanaka
mean field theory, and the stress and temperature-induced
phase transformation of fibers in both tensile and com-
pressive directions [88, 89]. The predicted yield stresses of
the SMA composite by the present model show good
agreement with the experimental results by Hamada et al.
[35], and shows better agreement than the one-dimensional
model used by Hamada et al. [35].

Recently, a robust thermo-micromechanical framework
to simulate the response of unidirectional SMA/epoxy and
SMA/AI composite was developed [90]. This procedure
accounts for the evolution of the one-way and the two-way
SME in the SMA fiber, as well as the individual response
of the matrix constituents. As a result, the thermome-
chanical macroscopic stress—strain—temperature relation of
the composite as well as the local field distribution between
the SMA fiber and its surrounding matrix can be estab-
lished. The model predicted that a metallic matrix with
lower coefficient of thermal expansion than that of the
aluminum is possible to result in a better performance [90].

Fig. 29 Optical micrographs acquired using polarized light showing CuAINi particles embedded in different matrices: a pure In; b In-10 wt%

Sn; ¢ In—49.1 wt% Sn (eutectic) [77]
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Fig. 30 Comparison between NiTi/6082Al composites and 6082Al-
T6 control, 25-120 °C unconstrained heating process results [29]
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Fig. 31 DSC heating curves showing effect of prestrain on phase
transformation of TiNi; embedded in Al matrix. [40]
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Fig. 32 DSC curves of as-received NiTij, a and FSP NiTi,/6061Al composite b [63]
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9 Concluding Remarks

In this review article, current developments in the fabri-
cation method, microstructure, interface reaction, physical
and mechanical properties, modeling and simulation of
MMCs reinforced with SMA have been addressed. As a
result, the following conclusions can be drawn:

Most efforts on SMA/metal composites have been put
on the AMCs especially the long SMA fiber-reinforced
AMC:s so far. In addition to Al matrix, other metal matri-
ces, such as magnesium and titanium, and In alloys attract
more and more research interesting.
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The existence of the interfacial diffusion and/or reaction
layer is a chemical result between the matrix and fiber and
is very important information in the adhesion state of the
interface. A properly designed interface layer is very
important for achieving the composites with good physical
and mechanical properties. Therefore, interface design will
still be the key issue of SMA/metal composites.

Concerning the interfacial design, it mainly depends on
the proper fabrication methods with a pertinent process
temperature and time. As a result, new fabrication methods
which may control the interface reaction and elemental
diffusion, i.e., with relatively low processing temperature
and short duration time, do deserve more attention.

The mechanisms of shape memory effect on the ther-
mal-mechanical properties of the composites need to be
further investigated. The phase stability, aging or degra-
dation, and transformation hysteresis under particular
constraints are not well understood so far. A proper pre-
strain process is beneficial for improving the transforma-
tion behavior of the embedded SMA reinforcements, so as
to increase physical and mechanical properties of the
composite.
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