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Abstract: Elemental titanium (Ti) and nickel (Ni) powders were consolidated by spark plasma sintering (SPS) to fabricate Ti—51%Ni
(mole fraction) shape-memory alloys (SMAs). The objective of this study is to enhance the superelasticity of SPS produced Ti—Ni
alloy using free forging as a secondary process. Products from two processes (with and without free forging) were compared in terms
of microstructure, transformation temperature and superelasticity. The results showed that, free forging effectively improved the
tensile and shape-memory properties. Ductility increased from 6.8% to 9.2% after forging. The maximum strain during
superelasticity increased from 5% to 7.5% and the strain recovery rate increased from 72% to 92%. The microstructure of produced
Ti—51%Ni SMA consists of the cubic austenite (B2) matrix, monoclinic martensite (819’), secondary phases (Ti;Nig, TipNi and TiNi;)
and oxides (TiyNiO and Ti;Os). There was a shift towards higher temperatures in the martensitic transformation of free forged
specimen (aged at 500 °C) due to the decrease in Ni content of B2 matrix. This is related to the presence of Ti;Niy precipitates, which
were observed using transmission electron microscope (TEM). In conclusion, free forging could improve superelasticity and

mechanical properties of Ti—51%Ni SMA.
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1 Introduction

Shape-memory alloys (SMAs) exhibit two
structures of austenite and martensite depending on
temperature and applied load. The unique properties of
shape-memory effect and superelasticity correspond to
reversible transformation between these two phases. The
critical temperatures at which each phase begins and
finishes rely on the composition of the alloy,
thermomechanical history and applied load [1,2].

Among SMAs, Ni—Ti SMA is the most widely used
due to excellent shape-memory properties. Moreover,
high strength and ductility along with high corrosion
resistance and good biocompatibility make it promising
for many applications in the automotive, aircraft and
biomedical industries as well as micro electromechanical
systems and micro actuations [3—5]. However,

cytotoxicity concern about the Ni in these alloys has
presented a challenge for biomedical applications [6].

The binary system of Ti—Ni SMAs usually shows
intermetallic phases such as TizNis, TipNi and TiNis.
Among them, Ti;Ni, precipitates are known to enhance
shape memory properties depending on their size,
morphology and distributions [7]. SHAHMIR and
NAGHDI [8] reported that Ti;Niy precipitates and the
dislocation network, which are introduced by aging and
thermomechanical treatment, improve the superelastic
properties of Ti—Ni SMAs.

Spark plasma sintering (SPS) is a novel sintering
technique in which pressure and pulsed continuous
current are applied simultaneously to consolidate
powders [9]. It is believed that the role of the pulsed
current is to generate plasma and the Joule heating
effect, which can promote bonding and consolidating
of the powders during sintering. Therefore, SPS has the
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advantage of the rapid fabrication of materials that are
difficult to produce by other conventional sintering
processes [10,11]. However, there is no general
agreement regarding the presence of plasma sparks and
the mechanism of sintering during powder consolidation
by the SPS process. Nevertheless, the effect of Joule
heating on initiating localized heating in the powders’
contact regions and causing solid state diffusion is
widely accepted by researchers [12]. In 2009,
ANDERSSON and HULBERT [13] challenged the
generation of spark plasma with an experimental
demonstration during the sintering process. In 2014,
ZHANG et al [14] reported the occurrence of high-
temperature spark plasma. They suggested that the spark
plasma can be generated in gaps due to the electrical
discharge effect between powder particles at the
beginning of on-off DC pulse energizing. In addition, for
effective sintering in a short period, a combination of the
following is necessary: spark discharge, Joule heating,
electrical diffusion and plastic deformation [14].

SPS has been used in the powder metallurgy of
many metal powders, including the fabrication of Ti—Ni
based SMAs [15—17], but there is limited research [18]
on the effect of secondary processes on the shape-
memory properties of Ti—Ni SMAs. Therefore, in this
study, secondary process known as free forging (open die
forging) was used to deform spark plasma sintered
Ti—51%Ni SMA and the result was compared with
specimen processed without free forging (unforged
specimen) in terms of microstructure and superelasticity.

2 Experimental

2.1 Materials preparation

Commercially pure powders of Ti (<45 um, CP—450,
99.5% purity, supplied by Toho Tec.) and Ni (<5 pm,
T123, 99.8% purity, supplied by Vale, Japan) were mixed
by cylindrical table mixer for 6 h using zirconia balls. A
1:5 mass ratio for ball to powder was selected. To
consolidate the mixed powders, spark plasma sintering
(SPS—1030S, SPS Syntex) system was used. The
sintering was performed at 1000 °C for 60 min, with
pressure of 30 MPa under a vacuum of 5 Pa. The sintered
specimen was homogenized at 1000 °C for 12 h. The
process included two methods: with and without using
free forging. The free forging process was carried out by
preheating the billet samples to 1100 °C for 5 min under
an argon atmosphere, followed by immediate forging
using 300 MPa pressure from a hydraulic pressing
machine (SHP—200-450, Shibayama). A height reduction
of 50% was obtained after free forging. The specimen
before and after deformation is shown in Fig. 1. Both
forged and unforged specimens were solution treated at
1000 °C for 1 h and then quenched with water. Finally,

specimens underwent aging at 500 °C for 1 h and
followed by water quenching to introduce the desired
lenticular Ti;Nis precipitates in order to improve
shape-memory properties [19].
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Fig. 1 Ti—51%Ni specimen before (a) and after (b) free forging

2.2 Materials characterization

Specimens were cut and then ground using abrasive
papers, followed by polishing using a suspension with
0.5 pum alumina particles to obtain mirror-polished
surfaces.

The polished samples were etched in HO+HNO;+
HF 100:5:1 (volume fraction) solution [20]. A field
emission scanning electron microscope (JEM—6500F,
JEOL), an energy dispersive spectrometer (EDS) and an
X-ray diffractometer (XRD—6100, Shimadzu) were used
for microstructure and phase composition identification
and analysis. Transmission electron microscopy
(JEM—-2010, JEOL) was wused to detect Ti3Niy
precipitates. An electron backscatter diffractometer
(EBSD, TSL Digi View IV; EDAX) with a scanning step
size of 0.2 um was used to obtain elemental mapping and
texture investigations. Differential scanning calorimetry
(DSC—-60, Shimadzu, Japan) was performed to determine
the phase transformation temperatures at a controlled
heating and cooling rate of 10 °C/min.
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2.3 Tensile and superelasticity tests

A universal testing machine (Autograph AG-X
50 kN, Shimadzu) was used to perform tensile and
superelasticity tests. The strain rate was set at
1.67<10* s', and the test was conducted at room
temperature. Figure 2 presents the dimensions of test
specimens with 1 mm in thickness. In this experiment, to
record the applied load and gauge length extension and
recovery, the tensile machine was connected to the CCD
camera. Microhardness tests were conducted in each step
of fabrication for both processing methods using a
Shimadzu microhardness tester. The test force and dwell
time were 1.961 N and 15 s, respectively.
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Fig. 2 Tensile and superelasticity test sample design (unit: mm)
3 Results and discussion

3.1 Microstructural observations

Figure 3 presents the morphologies of received Ti
and Ni powders. The initial Ti (Fig. 3(a)) is irregularly
shaped whereas carbonyl gas refinery-produced Ni
(Fig. 3(b)) powders are spiky, spherical particles [21].

g

Fig. 3 Morphologies of Ti (a) and Ni (b) as-received powders

The needle-like dendrites on the surface of the Ni
particles help for mixing and bonding with other
large-size Ti powders. The particle size of Ti varied from
7 to 46 um with a mean particle size of about 18 um. The
particle size of Ni varied from 2 to 8.5 um with a mean
particle size of about 4 um. Figure 4 shows EDS
mapping of the mixed particles to reveal their
distribution pattern. The figure indicates that mixing time
is suitable to obtain a homogeneous distribution of the
mixed powders. The distribution of the particles plays an
important role in improving the diffusion during
sintering. Therefore, homogeneous distribution of the
mixed powders directly affects the metallurgical
structure and desired properties of sintered alloy [22,23].

Fig. 4 EDS mapping of elemental distribution of mixed
powders: (a) Scanned area; (b) Ti; (c) Ni

The XRD patterns of Ti—51%Ni specimens
produced with and without forging are illustrated in
Fig. 5. It can be seen that the sintered specimens
contain austenite (B2), martensite (monoclinic 19’) and
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Fig. 5 XRD patterns of specimens (HHT: Homogenization heat treatment; FF: Free forging): (a) Without free forging;
(b) Enlargement of marked area in Fig. 5(a); (c) With free forging; (d) Enlargement of marked area in Fig. 5(c)

secondary phases (Ti,Ni and Ti;Ni4). Martensite B19' is
an important phase in Ti—Ni SMAs because shape
recovery and superelasticity are related to a reversible
B19" — B2 transformation in this alloy [24]. The
diffraction patterns of B19' martensite are (101), (110),
(020), (111), (002) and (021).

Chemical composition and thermomechanical
processing history affect the formation of secondary
phases such as TisNiy, Tip)Ni and TiNi; in the
alloy [25,26]. Gibbs free energy studies indicate that the
formation of Ti,Ni and TiNi; is unavoidable due to the
higher driving force during formation compared to
austenite Ti—Ni [27]. The formation secondary phase
depends on chemical composition, processing method
and thermomechanical conditions. It has been reported
that Ti,Ni was formed during casting and forging of
Ti-rich [28], equatomic SMAs [29] and Ni-rich Ti—Ni
SMAs [30].

BHAGYARAJ et al [25] showed that during
deformation of Ti—Ni alloy, Ti,Ni precipitate has a
significant effect on the grain refinement and severe
plastic deformation of the matrix in the vicinity, resulting
in localized amorphization and structure recovery. Ti-rich

Ti,Ni formation results in Ni enrichment of the matrix.
Increasing the Ni content in the Ni-rich matrix can easily
induce the formation of Ni-rich secondary phases of
TizNiy and TiNi; [31,32]. The corresponding peaks of
Tiz;Nig are (131), (202), (122) and (312), whereas (200)
and (004) are related to TiNi;. Many researchers [33,34]
have reported that the Ti3Ni, phase has a significant
effect on R phase transformation. Moreover, depending
on size and density, the strength and shape-memory
characteristics of Ti;Niy were improved due to a pinning
effect on the inhibition of the dislocation movement [35].
It is known that Ti3Niy4 is stable below 600 °C and thus
aging temperature and time play a critical role in
obtaining fine precipitates. OTSUKA and REN [26] and
RADEV [36] reported that Ti;Niy is an intermediate
phase and can decompose to TiNi; based on the
diffusional transformation, which depends on aging time
and temperature: TizNiz— TipNi;—TiNi;.

The XRD pattern of the forged sample shows
considerable differences compared to other fabrication
steps. There is a significant increase in the B19’ peak
pattern on (002), which indicates the presence of
stress-induced martensite. The (332) peak indicates the
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presence of Ti;Os. It is apparent that this peak was
eliminated in the subsequent steps of the process because
only a low-intensity peak can be seen in the final
product. MIZUNO et al [37] reported that Ti;Os was
stable below 400 °C and, when the temperature was
increased, it decomposed and defused into a bulk Ti
matrix. In addition, the intensity of the peak related to
TizNiy emitted from the (131) plane at 26 of 37.74°
increased after forging.

The austenite (B2) and martensite (B19’) phases
were observed as main phases of the solution treatment
in both processes, with and without deformation. After
the homogenization step, Ti,Ni was absent (the peak of
(442) at 20 of 48.39°) in both processes. However, the
unforged sample exhibits a TiNi; secondary phase
emitted from the (202) plane at 26 of 46.59°.

Forged and unforged samples after aging at 500 °C
show that the dominant phase is cubic B2 (austenite) for
both products. The corresponding peaks of the B2 phase
are (110), (200) and (211). In addition, the peaks exhibit
other compounds and phases such as monoclinic B19’
(martensite), secondary phases (Ti3Niy, Ti)Ni and TiNi3)
and oxides (TiuNi,O and Ti30s). The Ti oxides (Ti;Os)
form after aging of the deformed specimen. The presence
of Ti305 results in a decrease of Ti content in the matrix.
In other words, the Ti—Ni matrix becomes rich in Ni,
which affects the transformation temperature. Moreover,
secondary-phase precipitates in the final products after
deformation process may be broken off into smaller
particles and distributed homogenously throughout the
matrix [25].

In this study, the relative density of the SPS
specimen was about 98.5%. This was calculated based
on Archimedes’ principle. Figure 6 shows EDS mapping
of the specimens after SPS, which clearly shows a
homogenous distribution of the Ti and Ni elements after
consolidation of the powders.

Figure 7 shows a comparison of the inverse pole
figures (IPFs) and {001} pole figures of SPS, free forged
(FF) and final products (aged at 500 °C) for each
process, obtained with the EBSD technique. The
mapping reveals the random texture and equiaxed grains
formed in both processes. Moreover, the grains have an
irregular shape and bulge at the grain boundary, which
results in dynamic recrystallization. In general, strain-
induced grain-boundary migration causes grain-boundary
bulging. Different levels of stored energies in adjacent
grains result in boundary movement. This movement of
boundaries is the mechanism of strain-induced
grain-boundary migration [38].

As illustrated in Fig. 7, there is an increase in
texture from 2.418 to 3.596 times random after forging in
the {001} pole figure between the SPS and free forged
samples. The forged specimen after aging showed no

Fig. 6 EDS mapping of element distribution of Ti—51%Ni alloy
after SPS process: (a) Scanned area; (b) Ti; (c) Ni

significant change in texture (changing from 3.596 to
3.751), but there was an increase in peak intensity from
2.418 to 4.681 for the unforged sample aged at 500 °C.

Figure 8 presents grain size and misorientation
distribution for forged and unforged specimens after
aging at 500 °C. The grain boundary is defined by a
misorientaion angle higher than 4° [39]. Figures 8(a) and
(b) show that the fraction of fine grains (2.5 pm) was
reduced after forging. Figures 8(c) and (d) exhibit
misorientation angle distribution of the specimens. In the
unforged specimen, significant misorientation angles
were observed at 5° and in the range of 30°—60°,
whereas in the forged specimen, the considerable
misorientation angle was formed between 30° and 50°.
Moreover, misorientation angles near 30° and 45° in the
unforged and free forged specimens, respectively,
indicate the maximum number of fractions.
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Fig. 7 EBSD inverse pole figure orientation maps and {001} pole figures of SPS (a) and free forged (b) specimens and those of
unforged (c) and free forged (d) specimens aged at 500 °C
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Fig. 8 Grain size distribution of SPS (a) and free forged (b) specimens and misorientation angles of unforged (c) and forged (d)

specimens aged at 500 °C
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Figure 9 shows FESEM high magnification images
of the microstructures corresponding to SPS and free
forged, unforged and final products (aged at 500 °C).
Martensite plates were clearly distinguished in all
specimens. However, after forging, the volume fraction
of needle-like martensite increased significantly, which

Fig. 9 FESEM images of elemental distribution of SPS (a) and free forged (b) specimens, and those of unforged (c) and free forged
(d) specimens aged at 500 °C

Table 1 EDS point analysis results of Ti—51%Ni alloys in Fig. 9

indicated the development of stress-induced martensite.
Moreover, a variety of different phases were clearly seen
in all the specimens. The compositions of these phases,
determined semi-quantitatively by energy dispersive
X-ray spectrometer (EDS) attached to FESEM, are listed
in Table 1. Ni content of the matrix in the free forged

Soeci Ei Point N Mole fraction/%
ecimen igure oint No.
P eur Ti Ni (@)
1 (Matrix) 48.26+2.41 51.744+2.58 0.00+0.05
2 60.80+3.04 27.42+1.37 11.78+0.58
SPS 9(a)
3 61.224+3.06 37.60+1.88 1.184+0.05
4 56.5842.82 43.01+2.15 0.42+0.02
1 64.37+£3.21 30.72+1.53 4.92+0.24
2 62.21+3.11 32.06+1.60 5.73+£0.28
Free forged 9(b)
3 68.444+3.42 24.08+1.20 7.47+0.37
4 (Matrix) 47.58+2.37 52.4242.61 0.00+0.05
1 81.384+4.06 10.194+0.50 8.43+0.42
Unforged and 2 60.76+3.03 35.06+1.75 4.19+0.2
aged at 9(c) .
500 °C 3 (Matrix) 47.66+2.38 52.34£2.61 0.00£0.05
4 69.79+3.48 29.57+1.47 0.64+0.03
1 62.834+3.14 24.66+1.22 12.51+0.62
Free forged 2 58.3542.91 40.6342.03 1.0140.05
and aged at 9(d)
500 °C 3 58.0542.90 36.38+1.81 5.58+0.27
4 (Matrix) 48.77+£2.43 51.234+2.56 0.00+0.05
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sample was higher than that in the SPS specimen. But
this amount decreased after thermomechanical and aging
treatment due to an increase in the Ni content of the
precipitates. Many literatures [40—43] have indicated that
aging has an important influence on transformation and
shape memory properties of Ni-rich Ni—Ti shape-
memory alloys due to the formation of Ti;Niy
precipitates. Figure 10 shows TEM observation of Ti;Niy
precipitates of free forged specimen after aging at

500 °C.
Ik e\ : - Ti;Niy ,‘ i
- *\.‘~ --'-: 3 ’ l ; "' .‘.\-'
B - ; .
; .

o ”

Fig. 10 TEM micrograph of Ti;Ni, precipitates after free

forging process

3.2 Transformation temperatures

Figure 11 shows the DSC curves of all fabrication
steps for Ti—-51%Ni SMAs produced by two processing
methods: with and without deformation. As shown in
Fig. 11(a), in the process without free forging, there is no
obvious peak for the SPS, homogenization or solution
treatment steps. The free forged sample shows one
endothermic peak while heating and two exothermic
peaks while cooling, as seen in Fig. 11(b). The heating
peak indicates the B19'— B2 transformation and the
two-step transformation with cooling as B2—R and R—
B19’ for the first and second steps, respectively. Phase
transformations and the consequent shape-memory
properties after free forging are related to the
introduction of a dislocation network during plastic
deformation [8]. Austenitic transformation was
observable during heating of the free forged specimen
after homogenization, but martensitic transformation was
detected only slightly during cooling. No phase change
occurred during solution treatment of the forged
specimen. Disappearance of the transformation peaks
should be related to the elimination of the dislocation
networks during homogenization and solution treatment.

Both the deformed and undeformed samples after
aging showed one-way transformation during heating
and two-way transformation during cooling. Figure 11(b)
shows that the martensitic transformation peak shifted
towards higher temperatures for the free forged specimen

after aging. This may result from a decrease in Ni
content in the B2 matrix due to higher Ni content of the
precipitates formed in the specimen. It is believed that
decreasing Ni content significantly increases the B19’
transformation temperature for Ti—Ni binary alloys [44].
Similarly, aging of the unforged specimen resulted in a
B19'— B2 transformation during heating and B2—R and
R— B19' transformations during cooling. Martensitic
transformation occurred at lower temperatures in the
unforged sample. This may also result from lower Ni
content of precipitates along with lower volume fraction
of TizNiy, as shown in the XRD pattern of the unforged
specimen after aging. This indicates that the B2 matrix
has higher Ni content, which leads to martensite
transformation temperature.

(a)

Cooling

Ti-51%Ni, SPS Ti-51%Ni, HHT

Ti—51%Ni, ST
Ti—51%Ni, aged

-80 -60 -40 -20 0 20 40 60 80 100
Temperature/°C

Heating

(b) .
Cooling

Ti-51%Ni, FF
Ti-51%Ni, SPS

Ti-51%Ni, HHT . ;
\ Ti—-51%Ni, ST

ITi-51%Ni, aged
=100 -80 =60 -40-20 0 20 40 60 80 100
Temperature/°C

Heating

Fig. 11 DSC curves of Ti—51%Ni SMAs produced without (a)
and with (b) forging processes

Recorded data of reversible austenite martensite
transformation temperatures related to 4, Ar, M and M;
for both processes are shown in Table 2.

It is believed that R phase transformation appears in
Ni-rich (x(Ni)>50.5%) binary Ti—Ni SMAs due to fine
Ti;Nig4 precipitate and introduction of dislocation in the
matrix [44,45]. Recently, however, WANG et al [46]
discussed the effect of fine grain size in provoking R
phase transformation under aging conditions.
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KIM et al [47] reported that a B2— R transformation
occurs in the vicinity of Ni-rich TizNis precipitates.
These precipitates are coherent with a matrix that can
induce coherency stress fields, and these external stresses
may favor the occurrence of certain precipitate
variants [48]. Therefore, it can be concluded that
multiple-stage  transformation caused by Ti;Niyg
precipitates is related to the structural inhomogeneity of
the matrix, results from composition change and local
stress fields.

Table 2 Transformation temperatures of Ti—51%Ni SMAs with
and without free forging

Transformation temperature/°C

Specimen " 4 M [
Without free forging, aged 10 32 -17 =51
Free forged 1 19 =50 =72

Free forged, HHT -18 20 —48 =75
Free forged, aged 20 37 14 -4

The B2 — B19' transformation produces much
greater transformation strain than the B2 — R
transformation. Therefore, local stress has a stronger
influence on martensitic transformation temperatures.
Moreover, displacive transformations have multiple
choices of variants and hence a simple stress field
causes an increase of martensitic transformation
temperatures [47]. However, in this study, dominant
external stress imposed by forging may have a reverse
effect, with the R—B19’ transformation occurring at
lower temperatures. When this external stress is removed
after aging, only local stress exists, which can increase
R— B19’ transformation temperatures.

3.3 Mechanical properties
3.3.1 Tensile and fracture properties

The tensile behavior of Ti—Ni SMAs differs from
that of other alloys because they exhibit three regions: an
elastic deformation region, a plateau region related to
detwinning of martensite and, finally, an elastic and
plastic mixed deformation region of martensite [49]. The
room temperature stress—strain curves of both the
unforged and forged specimens are shown in Figs. 12(a)
and (b), respectively. These figures clearly show a
significant increase in mechanical strength after forging.
The unforged specimen showed the tensile strength of
about 850 MPa with a maximum strain to fracture of
6.8%, whereas the forged specimen exhibited tensile
strength of about 1300 MPa and a maximum strain of
9.2%. The ductility improvement may be related to
evolution due to dynamic recry-
stallization after forging of the specimen and the low
volume fraction of the TiNi; intermetallic phase [38,50].

microstructural

Moreover, the tensile behavior of the specimens
was investigated by fracture surface observations.
Figure 13(a;) shows river marks related to the brittle
fracture surface of the unforged specimen. In addition,
cleavage facets and dimples at high magnification
indicate ductile and brittle mixed modes of fracture. In
contrast, after forging, the fracture surface displays
smaller and narrower river marks, which are shown in
Fig. 13(b,). However, high magnification of the fracture
surface shows dimples, indicating a dominant ductile
fracture mode.

1.0
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Fig. 12 Stress—strain curves of Ti—51%Ni SMAs produced
without (a) and with (b) forging process

3.3.2 Superelastic properties

Figures 14(a) and (b) respectively show the results
of cyclic stress—strain hysteresis at room temperature for
both unforged and forged Ti—51%Ni by mechanical
loading and unloading. The free forged specimen
exhibited better superrelasticity (four cycles) compared
with specimen produced without free forging (three
cycles). The tensile load was released from the sample
after the initial stain of 1.5% was achieved. Subsequently,
the strain was increased to 1.5% for each consecutive
stress cycle. Both specimens showed a strain recovery of
100% for the first, second and third cycles up to a strain
of 4%. Interestingly, however, the unforged sample failed
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Fig. 13 Morphologies of tensile fracture surface of Ti—51%Ni specimens produced without (a,, a,) and with (by, b,) forging process
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in the fourth cycle whereas the forged specimen
underwent the fourth cycle at a strain of 6% and
exhibited a strain recovery of 90%. To observe the
maximum superelasticity, single-cycle test was carried
out by loading—unloading of the specimens at room
temperature. As seen in Figs. 14(c) and (d), unforged
specimen showed the strain recovery of 72% at the
maximum  strain of 5%. In contrast, the forged
specimen exhibited a strain recovery of 92% at higher
strain of 7.5%. It is known that the magnitude of the
tensile strain recovery in a Ti—Ni polycrystal is between
5% and 8% in low-cycle limits [51]. Therefore, the
obtained results are satisfactory and indicate that the
deformation process (free forging) is effective in
improving superelastic properties.

It is believed that recovery from strain is
orientation-dependent in Ti—Ni SMAs. Strain recovery
increases when the crystals are aligned along [111] and
[011] directions but decreases when the crystals are
oriented along [001] direction [18]. Therefore, crystal
orientation during deformation along with the influence
of Ti;Niy should be considered for superelasticity
improvement. As shown in the XRD pattern, the free
forged specimen showed a higher amount of TizNiy
precipitates. Moreover, increase in  superelastic
properties may be related to the dynamic recrystallization
occurring during free forging [50].

3.3.3 Hardness test

The microhardness values related to all steps of
fabrication in both processes with and without
deformation are presented in Table 3. The SPS sample
showed the highest microhardness value of HV 424,
which is related to the presence of a higher amount of
Ti,Ni [52], as shown in the XRD pattern. This is because
FCC-structured Ti,Ni with hardness of HV 700 [53] acts
as a reinforcing phase. Therefore, due to the low volume
fraction of Ti,Ni (as shown in the XRD pattern), the
microhardness values decreased in the homogenized and
solution-treated specimens.

Table 3 Microhardness values obtained for all steps of
fabrication processes

Fabrication Hardness with Hardness without
step free forging (HV) free forging (HV)
SPS 424 424

HHT 389 415
FF 394 -
ST 379 367

Aging 340 356

Moreover, free forging also reduces hardness, which
may be related to dynamic recrystallization and
secondary particle refinement, such as TiNi; and Ti,Ni

and the homogenous distribution of these after free
forging. In both processes, the aged specimens exhibited
the lowest hardness. In addition, among all the samples,
the deformed sample had the lowest hardness after aging.

4 Conclusions

1) Tensile test results revealed that ductility
increased from 6.8% to 9.2% using free forging process,
which may be due to dynamic recrystallization and low
volume fraction of TiNi; intermetallic phases.

2) Free forging has a significant effect on improving
superelasticity of powder metallurgy-processed Ti—
51%Ni SMAs. The maximum strain increased from 5%
to 7.5% during superelasticity test and the strain recovery
rate increased from 72% to 92%.

3) The powder metallurgy produced Ti—51%Ni
SMAs showed one-way transformation during heating
and two-way transformation during cooling, but there
was a shift in the transformation peaks towards higher
temperatures in the final product of the free forging
process due to increased Ni content in the matrix.

4) The free forged SPS specimen showed a texture
increase from 2.418 to 3.596 times random. However,
after aging, the forged specimen showed no significant
change in texture (with a change in intensity from 3.596
to 3.751). Peak intensity increased from 2.418 to 4.681
after the unforged sample was aged at 500 °C.
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