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nating interfacial reaction and/or elemental diffusion. The NiTip in the composite maintained the intrinsic
characteristic of a reversible thermoelastic phase transformation even after heat-treatment. The shape
memory characteristic of the NiTip decreased the coefficient of thermal expansion of the Al matrix, and
an apparent two-way shape memory effect was observed in the composite. The composite owned a good
combination of adjustable damping and thermal physical properties.
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1. Introduction

Shape memory alloys (SMAs) such as NiTi have the ability to
recover their original shape after being deformed, and this unique
shape memory effect (SME) comes from a reversible thermoelastic
phase transformation between a low-temperature martensite phase
(B19’ or R structure) and a high-temperature austenite phase (B2
structure)!'-3l. SMAs are found to have a wide application as smart
materials because of such an SME**],

By incorporating SMAs into polymer or metal matrices, the com-
posites with special functions have been produced. Kirkby et al.!®!
fabricated self-healing polymers with embedded NiTiCu SMA wires.
The addition of SMA wires improved peak fracture loads, which ap-
proached the performance of the virgin material. Liu et al.l”! reported
that the magnetic SMA particles (NiMnInCo) in a polyester matrix
still maintain the magnetostructural transition behavior.

When fabricating the SMAs reinforced metal matrix compos-
ites (MMCs) using common cast and powder metallurgy (PM)
processes, serious interfacial reaction and diffusion occurred between
the SMAs and matrix alloys'®-'°], decreasing the interfacial bonding
strength due to the formation of brittle intermetallics!""'?!, and de-
grading the SME due to the variation in the composition of the SMAs.
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Therefore, it is interesting and enlightening to fabricate an SMAs/
Al composite without interfacial reactions and to understand the
SME of the composite.

Friction stir processing (FSP) is a new processing technique, de-
veloped based on the basic principles of friction stir welding (FSW)!3),
An outstanding function of FSP is fabricating MMCs, especially those
difficult to produce by conventional methods; however, so far re-
search efforts are mainly focused on the fabrication of surface
composites!'*'7l and there are very few reports on how to obtain
bulk composites!'$'9],

Recently, Dixit et al.!*! fabricated a surface NiTi/1100Al com-
posite by FSP. They reported that no interfacial reaction was detected,
and the SME of NiTip could induce residual compressive and tensile
stresses in the matrix, improving the mechanical properties of the
composite. However, in order to achieve a wide application of the
SMAs reinforced MMCs, it is necessary to fabricate the bulk com-
posites and understand their physical properties associated with the
SME.

In our previous study’?', bulk NiTip/6061Al composites were suc-
cessfully fabricated by FSP using a special multi-hole particle
presetting mode, which could help to homogeneously distribute the
particles in the matrix. It was indicated that the composite exhib-
ited tensile properties comparable to the 6061Al alloy. In the present
study, the thermal physical properties and damping behavior of the
composite were carefully examined. The aim is to understand the
effect of NiTip addition on the physical properties of aluminum alloys.
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2. Experimental

Commercial 6061A1-T651 alloy plates of 6 mm thick and atom-
ized Nigo5Tisos (at.%) particles with sizes of about 200 meshes were
used in this study. The NiTip/6061Al composite was fabricated by
FSP, and the detailed procedures have been described in our pre-
vious study’®'l. To study the effect of heat-treatment on the SME of
the composite, the as-FSP composite was subjected to aging (165 °C
for 18 h, hereafter denoted as the FSP+aged composite) and T6 treat-
ment (515 °C/40 min solutionized, 25 °C water quenched, 165 °C/
18 h aged, hereafter denoted as the FSP+T6 composite), respectively.
The microstructure of the as-FSP and FSP+T6 composites was ex-
amined by scanning electron microscopy (SEM), transmission
electron microscopy (TEM), and high-resolution transmission elec-
tron microscopy (HRTEM).

Differential scanning calorimetry (DSC) testing was conducted
on a DSC Q1000 V9.4 Build 287 machine at a heating rate of 10 °C
min~!. The as-FSP composite was subjected to cold-rolling treat-
ment (kept in liquid nitrogen for 5 min, rolled along the FSP direction
with a 5% reduction to investigate its effect on the physical prop-
erties. This step aims to induce the compressive residual stress in
the matrix around the NiTip but almost does not change the mi-
crostructure of the composite). The rolled composite was machined
into dimensions of 4 mm x 4 mm x 25 mm and subjected to a thermal
expansion test on a NETZSCH DIL 409C machine, in a temperature
range of —-60 to 120 °C at a heating rate of 2 °C min~'. For compar-
ison, the as-FSP composite without rolling was also tested under
the same condition.

Damping tests were carried out on a DMA machine (Model TA
Q800) at the single cantilever vibration mode with dimensions of
30 mm x 3 mm x 1 mm. To measure strain-dependent damping ca-
pacities, samples were tested at room temperature at a vibration
frequency of 1 Hz. For the measurements of temperature-dependent
damping capacities, samples were tested at a strain amplitude of

1x 10 in a temperature range of —-80 to 90 °C at a heating/
cooling rate of 3 °C min~!, which is suitable for NiTi alloys based on
previous studies!®??],

3. Results and Discussion
3.1. Microstructure

The NiTip/6061Al composite fabricated in this study had a thick-
ness of about 5 mm. The volume fraction of the NiTip in the
composite was estimated to be about 10%. SEM examinations re-
vealed that the NiTip were homogeneously distributed in the matrix
(Fig. 1a), and the interface between the NiTip and Al matrix was
clean without discernible reaction products (Fig. 1b). TEM exami-
nation further confirmed that no interfacial reactions occurred
(Fig. 1c). This indicates that bulk aluminum matrix composite re-
inforced by homogeneously distributed NiTip was successfully
fabricated without interfacial reaction.

The backscattered electron (BSE) image and EDS line scan anal-
yses showed that no interfacial reaction or element diffusion occurred
around the NiTip in the FSP+T6 composite (Fig. 1d). The TEM mi-
crostructure also showed that the interface was clean (Fig. 1e). The
HRTEM analysis further revealed that no interfacial products but
a diffusion layer with a few nanometers in thickness was detected
between the NiTip and Al matrix (Fig. 1f). This shows that the com-
posite could be subjected to a proper heat treatment.

It was reported that the NiTip easily reacted with Al element
when processed at high temperatures, resulting in the generation
of intermetallics at the NiTi-Al interface!®'°l. Thorat et al.®! re-
ported that for the NiTip/2124Al composite processed by the PM
process, the interface reaction was obvious, with the NiTip sur-
rounded by a layer of diffused interface products, AlsTi and Al;Ni.
Furthermore, Al atoms diffused into the NiTip to form an Al-rich layer,
and this affected the transformation behavior by broadening the

g

Fig. 1. SEM/TEM images of NiTip/6061Al composite under (a), (b), (c) as-FSP and (d), (e) (f) FSP+T6 conditions showing uniform distribution and clean interface of NiTip

((a), (b) SEM; (c), (e), (f) TEM; (d) backscattered electron image (BSE) with EDS).
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intermediate R-phase transformation range. Although the interfa-
cial reaction could be inhibited by shortening the sintering time!??],
the considerably shorter sintering time and lower temperature are
not beneficial to achieving high-quality composite billets. By con-
trast, the process temperature during FSP was much lower with
significantly shorter duration/?*, which effectively inhibited the in-
terface reaction.

3.2. Shape memory effect

The DSC curves of the as-received NiTip exhibited a reversible phase
transformation between martensite and austenite (Fig. 2a). In the
cooling cycle of the as-received NiTip, three distinct peaks ap-
peared, showing that the martensitic transformation occurred in three
steps. For the NiTi alloys, a two-step martensitic transformation may
usually occur?4?°1, The formation of the R-phase is favored during the
cooling cycle due to the formation of fine and coherent NisTi; pre-
cipitates within the B2 microstructure, so the B2 transforms to the
R-phase in the first step, and with further cooling the R-phase trans-
forms to B19'. The multiple-steps transformation of the NiTi alloys
has been widely reported and explained previously>*-?¢], and it was
well established that these three peaks corresponded to the trans-
formation of B2—R, R—B19’, and B2—B19’, respectively!?*?°l. In the
heating cycle, the phase transformation appeared in two steps: from
the B19’ to the B2 via the intermediate R-phase.

Compared to the as-received NiTip, two peaks appeared on both
the cooling and heating cycle curves of the as-FSP, FSP+aged, and
FSP+T6 composites (Fig. 2b-d), showing that the intrinsic phase
transformation characteristic of the NiTip still remained. The peaks
on the DSC curves of the as-FSP composite were much flatter than
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those of the as-received NiTip (Fig. 2b). The FSP+aged composite
showed similar DSC curves to those of the as-FSP composite (Fig. 2c),
indicating that the aging process had little effect on the phase trans-
formation behavior. However, the DSC profiles of the FSP+T6
composite were quite different from those of the as-FSP compos-
ite (Fig. 2d): (1) the phase transformations were apparently promoted
and the peaks on the curves were sharp; (2) the R transformation
peak was greatly weakened and shifted toward higher tempera-
tures during the heating cycle.

When the SMAs/Al composites were cooled down to room tem-
perature from high temperature, residual thermal stress, normally
compressive stress, was generated in the Al matrix due to the mis-
match of the coefficient of thermal expansion (CTE) between the
reinforcement and matrix, and this compressive stress is correla-
tive to the reversible thermoelastic phase transformation'*’., Another
possible reason is that the heat treatment may generate fine dis-
persed TisNis precipitates in the B, phases, which are known to
influence the phase transformation temperatures and to facilitate
the R-phase transformation/?”?8); however, no precipitates were de-
tected in the NiTip in the present study (Fig. 1e, f).

The addition of the NiTip effectively changed the CTE of the Al
matrix (Fig. 3). The as-FSP composite showed an evidently nega-
tive CTE of about —11 x 10°K! within the temperature range of 14—
18 °C during the heating cycle, which is significantly lower than that
of the 6061Al (normally 23.6 x 10°°K-"), and it is about 22 x 105K
within the other temperature ranges, but it varied slightly during
the cooling cycle.

It is seen that the as-FSP sample did not show SME. By con-
trast, the rolled composite showed a stronger CTE transformation
behavior and a narrower transformation interval than the as-FSP
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Fig. 2. DSC curves of (a) as-received NiTip, (b) as-FSP composite, (c) FSP+aged composite, and (d) FSP+T6 composite.



D.R. Ni et al. / Journal of Materials Science & Technology 32 (2016) 162-166 165

1.5
« 1.0F
e
x
3
s 05 - - 6061Al
—as-FSP
——FSP + rolling
0 0 1 1 1

-15 0 15 30 45 60
Temperature (°C)

.30

Fig. 3. Thermal expansion curves of NiTip/6061Al composites under as-FSP and rolled
conditions.

counterpart. The different expansion behaviors between the as-
FSP and rolled composites were because for the former the NiTip
suffered isotropic thermoelastic martensitic transformation during
the heating and cooling cycles, and for the latter the anisotropy of
displacement appeared due to the directional stress-induced mar-
tensitic transformation.

The thermal expansion curves showed that the NiTip/6061Al
composite retained the thermal expansion effect of the NiTip (Fig. 3),
with controllable behaviors by cold working. The SME can be divided
into one-way SME (OWSME) and two-way SME (TWSME)®%, The

OWSME is an intrinsic characteristic of SMAs, but the TWSME is an
acquired characteristic that can be obtained by training®®'l. It can
be seen that the rolled FSP composite showed a clear TWSME.

3.3. Damping property

The strain dependent damping capacities of the NiTip/6061Al
composites at room temperature are shown in Fig. 4a. All the com-
posites showed slightly better damping capacities than the 6061Al,
but almost no differences were observed among the damping ca-
pacities of the composites with different statuses. Fig. 4b shows the
temperature-dependent damping capacities of the composites and
6061Al with corresponding storage modulus being shown in Fig. 4c.
The 6061Al showed no damping peaks; however, owing to the pres-
ence of the NiTip, each of the composites owned an obvious heating/
cooling loop (Fig. 4b). Furthermore, damping peaks which were
accompanied by a shift in the storage modulus (Fig. 4c) were ob-
served on both the heating and cooling loops of each composite due
to the transformation behavior of the NiTip.

The storage modulus of both the composites and 6061Al de-
creased as the temperature increased (Fig. 4c). While the as-FSP
composite showed similar storage moduli to the 6061Al, both the
FSP+aged and FSP+T6 composites, especially the latter, exhibited
much higher storage moduli than the 6061Al. Furthermore, a trough
appeared on both the heating and cooling curves of each compos-
ite, which corresponded to the damping peaks on the curves of the
damping capacities.

The improved damping properties of the NiTi/6061Al compos-
ite should result from the incorporation of NiTip with good damping
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Fig. 4. (a) Strain-dependent damping capacities of NiTip/6061Al and 6061AI-T651 at room temperature, and (b) and (c) temperature-dependent damping capacities and

storage modulus of NiTip/6061Al and 6061AI-T651.
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properties (Fig. 4a—c). Zhang et al.*?! concluded that the damping
properties of composites could be greatly improved by introduc-
ing high damping reinforcements. Meanwhile, this process could
also introduce energy dissipation sources which are typically as-
sociated with the formation of crystallographic defects, such as fine
and mobile grain boundaries, dislocations, and reinforcement/
matrix interfaces. Furthermore, well-bonded interfaces may lead to
an increased dislocation density near the interfaces through dis-
location damping!*?!. The FSP+T6 composite showed much sharper
damping peaks compared to the other two composites, and this
should also result from the generation of the compressive residu-
al stress during the heat treatment as discussed above. It was noted
that some extremely sharp peaks appeared on the curves at about
-25 °C, and these peaks may result from the 6061Al itself but not
the presence of the NiTip.

4. Conclusion

Bulk NiTip/6061Al composite with homogeneous particle dis-
tribution and without interface reaction products was successfully
prepared by FSP. The composite retained the intrinsic characteris-
tic of a reversible thermoelastic phase transformation of the NiTip
and exhibited the shape memory characteristic which decreased
the CTE. After cold rolling the composite showed an apparent
TWSME. The composite could obtain a good combination of damping
and thermal physical properties through a proper heat-treatment
process.
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