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SUMMARY: Metal matrix composites reinforced with shape memory alloys induce compressive
residual stress in the matrices resulting in improved tensile properties of the composite. In the present
study, Al/TiNi shape memory composites were fabricated by squeeze casting and powder metallurgy
method so called Plasma Activated Sintering(PAS). Fairly good matrix/reinforcement bonding was
observed in the Al/TiNi composites. The effects of residual stress caused by the shape recovery
force have been compared as a function of reinforcement volume fraction, prestrain, matrix strength
and reinforcement shape. Strengthening effect due to TiNi reinforcement as well as compressive
residual stress was investigated. It was found that the yield strength of the composites increased with
increasing the volume fraction of TiNi reinforcement and the amount of prestrain applied to the
composite. Moreover, the percentage of strength increment of pure continuous fiber
Al/TiNi(Al/TiNicf) composite caused by prestrain was higher than that of AC4A Al/TiNicf composite.
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INTRODUCTION

 Aluminum alloy metal matrix composites reinforced with ceramic fibers have good properties such
as low specific gravity, high specific strength and high stiffness. They are being expected as materials
of automotive parts because of their good wear resistance and high temperature properties [1-2].
These potential materials, however, have demerits such as the interfacial weakness due to their poor
chemical attraction and wettability between the metal matrices and ceramic reinforcements.
Moreover, tensile strength and mechanical properties of composite are deteriorated by the tensile
residual stress in the matrix that is caused by the thermal expansion coefficient (CTE) mismatch
between metal matrix and ceramic reinforcement during the cooling process. Therefore, in the
present study, shape memory composite (SMC:Al/TiNi) was chosen to solve problems of
metal/ceramic composites. Recovery force of prestrained shape memory alloys upon heating above
austenite finish temperature (Af) gives compressive residual stress in the matrix and it can improve
mechanical properties of composite and it will help to close the existing crack [3-7].
 Al/TiNi composite can be fabricated by powder metallurgy or casting method [8-9]. In this study,
Al/TiNi shape memory composite was fabricated by squeeze casting and plasma activated sintering



which is one of the powder metallurgy. The interface between Al matrix and TiNi reinforcement of
fabricated shape memory composites was analyzed using SEM and EDX. Tensile tests of Al/TiNi
shape memory composite were carried out to characterize the shape memory effect in SMC.

EXPERIMENTAL

Fabrication of Al/TiNicf shape memory composite

 AC4A Al was chosen as matrix because of its good castability, strength and corrosion resistance
under high pressure. Pure Al was also used matrix for comparative material. Diameter of 0.3µ TiNi
wire was chosen as reinforcement because of its large shape memory effect and high stiffness. The
volume fraction of reinforcement was 2-4%. To get off the oxidation film on TiNi wire, the preform
was acid cleaned for 240 second in 95% CH3COOH+ 5%HF bath(60 C). Squeeze casting was
carried out by pouring molten Al of 750 C into the TiNi preform, which was placed in the mold
preheated to 400 C, and then by applying pressure of 75 . In applying pressure, delay time and
duration time were 7 and 60 seconds, respectively. The direction of applied pressure was
perpendicular to longitudinal direction of TiNi wire. The squeeze cast block was quenched into water
after applying.

Fabrication of Al/TiNip shape memory composites

 Pure Al powder(average dia.:20µ, purity:99.9%) was selected as the matrix for the composites and
average diameter of 45µ TiNi powder was chosen as reinforcement. Al/TiNiP shape memory
composite was fabricated by plasma activated sintering. Figure 1 shows schematic illustration of
plasma activated sintering equipment. Plasma activated sintering is the sintering method of passing
pulse current for ignition and after that, passing direct current to maintain heat. Aiming volume
fraction of TiNi reinforcement in as-fabricated Al/TiNiP was determined 3, 5 and 8%. Utilizing image
analyzer (LECO E001), the volume fraction of TiNi reinforcement in the as-fabricated composite
was investigated and compared with the aiming volume fraction.

Fig. 1: Schematic illustration of PAS equipment

Microstructure and tensile test



 Microstructure of Al/TiNi shape memory composite was examined and analyzed with optical
microscope and SEM (JEOL JSM5400) and diffusion distance of major elements at Al/TiNi
interface was checked with EDX analysis. Transformation temperatures of TiNi wire which was
aged at 500 C for 210 minutes followed by water quenching to induce martensitic transformation of
TiNi fiber were measured using differential scanning calorimeter(DSC) with a heating rate of
10 C/min. to decide the temperature of tensile testing. Tensile specimens of composites were
machined by electro-discharge method. Tensile specimens were heat treated for shape memorizing at
500 C for 210 minutes followed by water quenching to induce martensitic transformation.
Composites with martensitic TiNi reinforcement were prestrained up to 4% elongation. Tensile tests
were carried out at 90 C(above Af) with strain rate of 1mm/min..

RESULTS AND DISCUSSION

Microstructure

 Figure 2 is the optical micrograph of the Al/TiNi shape memory composite. The marking of A and B
in figure represents TiNi reinforcement and Al matrix, respectively. Fine microstructures, which have
no manufacturing defect in Al matrix and the matrix/ reinforcement interface, are obtained. In Figure
2(a), matrix is a typical Al-Si cast microstructure that consists of eutectic structure around the
primary φ. It is considered that TiNi is not act as nucleation site because matrix/reinforcement
interface is mainly composed of eutectic structure with few primary φ which is nucleated at high
temperature. After shape memorizing heat treatment, SEM-EDX analysis was carried out in order to
identify the diffusion distance of each element at Al/TiNi interface. Squeeze cast Al/TiNicf composite
infiltrated by the pressure of 75  with pouring temperature of 750 C was subjected to heat treatment
at 500 C for 210 minutes. Al was diffused by 1.1% from Al matrix to TiNi reinforcement in squeeze
cast AC4A Al/TiNicf composite and this specimen showed fairly good pull-out strength.  In pure
Al/TiNiP composite, Al was diffused by 1.2% from Al matrix to TiNi particle. It is considered that
Al/TiNiP composite has a good interfacial bonding because the diffusion distance is similar to the
squeeze cast AC4A Al/TiNicf shape memory composite, which showed a good interfacial bonding by
pull-out test.

Tensile property of Al/TiNicf composite

 The transformation temperature (martensite-austenite) and tensile property of shape memory alloy
have been reported to change with the condition of shape-memorizing heat treatment [10-13].
Accordingly, transformation behavior of TiNi alloy must be ascertained in advance to evaluate tensile
properties of Al/TiNi composites. Austenite finish temperature of TiNi aged at 500 C for 210
minutes was 57.7 C from the result of DSC analysis.
 Figure 3 is the tensile test results of squeeze cast Al/TiNicf composite with and without prestrain. The
volume fraction of TiNi reinforcement is 2.5% and 3.2% in as-fabricated composite. Pure
Al/2.5%TiNicf and pure Al/3.2%TiNicf composites without prestrain exhibit the strength increment of
11 and 15 , respectively, by fiber strengthening. From this result, it is found that the yield strength of
the composite is increased with increasing the volume



Fig. 2: Optical micrographs of Al/TiNi composite
(a) AC4A Al/TiNic.f composite (b) Pure Al/TiNic.f composite (c) Pure Al/TiNip composite

fraction of TiNi reinforcement. The yield strength of pure Al/2.5%TiNicf and pure Al/3.2%TiNic.f

composite is increased 16% and 20%, respectively, by applying 4% prestrain. This is caused by the
compressive residual stress due to the shape recovery force of TiNi reinforcement. The tensile test
results of squeeze cast AC4A Al/3.2%TiNicf composite is also shown in Figure 3. The amount of
improved strength by TiNi fiber reinforcement and shape memory effect is 18% and 38%,
respectively.

 Fig. 3: The results of tensile test in squeeze cast Al/TiNic.f composite
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 Figure 4 shows the percentage of strength increment induced by shape recovery force with 4%
prestrain in pure Al/TiNicf composites and AC4A Al/TiNicf composite. Yield strength increment
induced by shape recovery force with 4% prestrain is 32% in AC4A Al/3.2%TiNicf composite, 34%
and 40% in pure Al/2.5%TiNicf and pure Al/3.2%TiNicf composite, respectively. In the same volume
fraction of the reinforcement(3.2%), the strength increment of pure Al composite is higher than that
of AC4A Al composite. These differences in strength increment of the composites might be mainly
caused by the strength of their matrix.

Fig. 4: Comparison of yield strength increment induced by shape recovery with 4% prestrain
           between pure Al/TiNic.f composites and AC4A Al/TiNic.f composite

Tensile property of Al/TiNiP composite

 Figure 5 shows the tensile test results of pure Al/TiNiP shape memory composites with and without
prestrain. Pure Al/3%TiNiP, Al/5%TiNiP and Al/8%TiNiP composites without prestrain exhibited the
yield strength increment of 11, 17 and 23%, respectively, by particle strengthening in comparison
with Al matrix. The yield strength of pure Al/3%TiNiP composite is increased 15.5 and 21.2  by
applying 2 and 4% prestrain, respectively. This is caused by the compressive residual stress due to
the shape recovery force of TiNi reinforcement. The yield strength of pure Al/5%TiNiP and
Al/8%TiNiP composites is also increased with the amount of prestrain.
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Fig. 5: The results of tensile test in Al/TiNip composite

CONCLUSION

 In this study, Al/TiNi shape memory composites having a fine microstructure and good interfacial
bonding between matrix and reinforcement was successfully fabricated by squeeze casting and
plasma activated sintering method. The composite was subjected to 0% - 4% prestrain at room
temperature to induce compressive residual stress and then tensile test of the composite was carried
out at 90 C. Yield strength of the composite was increased with increasing the volume fraction of
TiNi reinforcement by fiber strengthening and the amount of prestrain by compressive residual stress
applied to the composites. The percentage of strength increment of pure Al/TiNicf composite was
higher than that of AC4A Al/TiNicf composite. These differences in strength increment of the
composites might be mainly caused by the strength of their matrix
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