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Abstract: In this study, the thermal cyclic properties of Ti-(50—x)Pd-xPt-5Zr alloys (x = 5, 15, 25, at%),
comprising B2 and B19 structures in austenite and martensite, were investigated by a thermal cyclic
compression test under a constant load of between 15 and 200 MPa. The transformation temperature
measured using differential scanning calorimetry increased with increasing Pt concentration.
The highest austenite finishing (Af) temperature, 648 °C, was obtained in the Ti-25Pd-25Pt-5Zr
alloy. Irrecoverable strain due to thermal cyclic testing was observed during each test, even at a stress
of 50 MPa. The work output, calculated as the product of the transformation strain and the applied
stress from strain—-temperature curves, decreased with increasing Pt concentration. This was because
of the lower strength of the austenite phase due to A¢ increasing with an increase in the concentration
of Pt. Although irrecoverable strain was observed with the first thermal cycle test, it decreased after
several thermal cyclic tests, which are called training.

Keywords: shape memory alloys; titanium palladium; thermal cyclic properties; training

1. Introduction

Shape memory alloys (SMAs) are useful materials for actuators. Specifically, Ti-Ni-based SMAs are
currently used in temperature-sensitive devices [1]. SMAs are expected to be used at high temperatures,
i.e., 200-800 °C, in automotive and aerospace applications to increase the thermal efficiency of engines [2].
The operating temperature of an SMA is related to its martensite transformation temperature (MTT).
The highest MTT of Ti-Ni is approximately 60 °C [3], which is insufficiently high for applications
greater than 200 °C.

Numerous efforts had been made to raise the MTT by adding alloying elements to Ti-Ni, such as
Hf, Zr, Pd, Pt, and Au; these are reviewed in [2]. Recently, the high-temperature SMA, Nis 3 Tizg 7Hfy,
has received a lot of attention; it is strengthened by nano-sized precipitates called “H phase” [4,5],
and a perfect shape recovery was successfully obtained, even under 500-700 MPa. The austenite
finishing temperature Af of Nisg 3Tizg 7Hfy is typically 166 °C under unloading conditions, but this
rises to 300 °C under loading conditions. Furthermore, the strength at 250 °C and the work output
are approximately 800 MPa and 20 J/em?3 [6-10]. Even so, the MTT of Nis 3Tizg 7Hf»o remains below
300 °C. To increase the MTT, another attempt is necessary.

Ti-Ta-based (-Ti alloys have also been investigated as potential high-temperature SMAs [11].
A stable shape recovery was obtained between 100 and 200 °C in Ti-32 at% Ta.

Thus, in our previous study, we focused on Ti-Pd, Ti-Au, and Ti-Pt because they exhibit an MT
from a B2 to a B19 structure, and their MTT is greater than 500 °C [12,13]. However, one problem
of binary compounds is their low strength in the austenite phase, which results in a poor shape
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memory effect [14-16]. To increase the high-temperature strength of Ti-Pd [17,18], Ti-Au [19,20], and
Ti-Pt [21-25], the addition of alloying elements has been attempted; this process is reviewed in [26-28].
It was found that an alloying element has some effect at improving the strength of the austenite and
martensite phases, resulting in improved shape recovery. However, in most cases, the MTT decreases
when alloying elements are added.

In our previous study, Zr and Pd were simultaneously added to Ti-Pt to improve shape recovery
and control MTT [29]. The concentration of Zr was limited to 5 at%, and Pt was replaced by Pd
in a concentration range of between 5 and 15 at%. The MTT, A¢, As (austenite start temperature),
M; (martensite start temperature), and M¢ (martensite finishing temperature) of Ti-35Pt-15Pd-5Zr
decreased to 804, 725, 713, and 590 °C from 1066, 1047, 1025, and 1012 °C for Ti-50Pt, and 985, 939,
897, and 840 °C for Ti-50Pt-5Zr. However, the MTT of Ti-35Pt-15Pd-5Zr remained over 590 °C. The
large irrecoverable strain observed in Ti-50Pt and Ti-50Pt-5Zr was drastically decreased by adding 15
at% Pd, but it was not removed completely. In this study, further addition of Pd to TiPt-5Zr. (i.e., the
addition of Pt to Ti-50Pd-5Zr) was attempted. The effect of Pt addition to Ti-50Pd-5Zr on the MTT and
shape recovery was investigated.

2. Experimental Procedure

Ingots totaling 18 g with nominal compositions of Ti-45Pd-5Pt-5Zr, Ti-35Pd-15Pt-5Zt, and
Ti-25Pd-25Pt-5Zr (at%) were prepared by arc melting in an Ar atmosphere. The purity of elements
used for the ingots was 99.5% for Ti, 99.99% for Pd and Pt, and 99.7% for Zr. The alloy ingots were
sealed in silica tubes with Ar gas and solution-treated at 1000 °C for 3 h, followed by quenching in iced
water. An ingot of Ti-50Pd-5Zr was also prepared as a reference using the same solution treatment to
investigate the shape recovery behavior described in the following paragraph.

The microstructures of the solution-treated samples were observed using scanning electron
microscopy (SEM) (JEOL 7001F, JEOL, Tokyo, Japan) at an accelerating voltage of 20 kV. The samples
were etched using nitrohydrochloric acid after being polished for observation. A phase composition
analysis was performed using a field emission electron probe microanalyzer (JSM-6500F, JEOL, Tokyo,
Japan) at 15 kV and 5 x 1078 A. A LIF was used as an analyzing crystal for Ti and Zr, while a PET was
for Pt and Pd.

X-ray diffraction (RINT-TTR III, Rigaku Co., Tokyo, Japan) measurements were conducted for
solution-treated samples at room temperature and at 700 °C using CuK« radiation at 50 kV and
300 mA.

Specimens of 4 mm in diameter and 1 mm in height were cut for differential scanning calorimetry
(DSC) (DSC3200, NETZSH Japan K.K. Yokohama, Japan) to measure the MTT. The heating and cooling
rates were both 10 °C/min.

Specimens of 3 X 3 X 5 mm were cut for thermal cyclic compression tests (Shimadzu AG-X,
Shimadzu) to evaluate their shape recovery and work output. A thermocouple was welded on the
specimen to measure its temperature. Specimens were heated to 30 °C above A¢ by induction heating,
and then cooled to a temperature lower than M; under a constant load of between 15 and 200 MPa.
Five thermal cycles under 15, 50, 100, 150, and 200 MPa were applied for the same samples (in the
order given). The heating and cooling rates were both 50 °C/min. The work output (work per volume)
was obtained from the product of recovery strain and applied stress.

The strengths of the austenite and martensite phases were investigated through compression tests
for the 3 X 3 X 5 mm specimens. The compression tests were performed at M¢ — 30 and Af + 30 °C
using 3 X 1073/s as a strain rate.

The martensite variants of the solution-treated and thermally-cycled samples were observed using
a TSL electron backscattered diffraction (EBSD) detector attached to the SEM (JEOL 7001F, JEOL) at an
accelerating voltage of 25 kV. Post-processing data analyses using the B19 structures of Ti-Pd, whose
lattice parameters are a = 0.456 nm, b = 0.281 nm, and ¢ = 0.489 nm, respectively, were conducted in
the TSL-orientation imaging microscopy V 7.0 software (TSL solutions, Sagamihara, Japan).
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3. Results and Discussion

3.1. Martensite Transformation Temperature

The XRD patterns of Ti-Pd-Pt-Zr at room temperature and at 700 °C are plotted in Figure 1.
The B19 and B2 structures were identified for all the tested alloys at room temperature and at 700 °C,
respectively, as with Ti-50Pd-5Zr [17], indicating that the MT from the B2 to B19 structures occurred
in Ti-Pd-Pt-Zr.
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Figure 1. XRD patterns of (a) Ti-45Pd-5Pt-5Zr, (b) Ti-35Pd-15Pt-5Zt, and (c) Ti-25Pd-25Pt-5Zr measured
at room temperature and 700 °C.

To measure the MTT, a DSC analysis was performed for Ti-Pd-Pt-Zr. Sharp peaks of endothermic
and exothermic reactions were clearly observed, as with Ti-50Pd-5Zr [17], indicating the MT as given
in Figure 2. The MTT increased with increasing Pt contents. The highest intensity of the DSC peaks
was obtained in Ti-35Pd-15Pt-5Zr, and the DSC peaks broadened in Ti-25Pd-25Pt-5Zr. The MTT, As, Ay,
M;s, and Mg, as measured by DSC, are summarized in Table 1, together with temperature hysteresis
between Af and M. The MTTs of Ti-50Pd-5Zr are also shown in Table 1 [28]. The changes in MTT
with Pt contents are plotted together with those of Ti-50Pd-5Zr [28] and Pt-rich Ti-Pd-Pt-Zr [29] in
Figure 3. The MTT gradually increased with increasing the Pt content. The transformation enthalpies
of Ti-Pd-Pt-Zr estimated from the DSC curves in Figure 2 were approximately —2800 J/mol, and there
was no clear difference among the tested alloys, although there is trend of slightly increasing enthalpy
with an increase in the content of Pt. It is reported that the enthalpy of Ti-50.3at%Ni is —1819 J/mol [30].
The enthalpy of Ti-Pd-Pt-Zr was larger than that of Ti-Ni.
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Figure 2. DSC curves of (a) Ti-45Pd-5Pt-5Zr, (b) Ti-35Pd-15Pt-5Zt, and (c) Ti-25Pd-25Pt-5Zr.
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Figure 3. Martensite start (Ms), martensite finishing (M), austenite start (As), and austenite finishing

(Af) temperatures as a function of the concentration of Pt.
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Table 1. MT temperatures (°C) and temperature hysteresis between Af and Ms of ternary Ti-Pd-Zr and
quaternary Ti-Pd-Pt-Zr.

Alloy As Ag M; M; Hysteresis (Ag — M;)
Ti-50Pd-5Zr [28] 484 503 457 439 46
Ti-45Pd-5Pt-5Zr 497 511 464 455 47
Ti-35Pd-15Pt-5Zr 539 557 485 471 72
Ti-25Pd-25Pt-5Zr 628 648 571 539 77

The temperature hysteresis between A¢ and M; is a critical property for SMAs, because it represents
the temperature range that is necessary for shape recovery to occur. A smaller temperature hysteresis
induces a faster response of SMAs. The temperature hysteresis of Ti-50Pd-5Zr and Ti-45Pd-5Pt-5Zr
was approximately 50 °C, i.e., less than that of TiPd at 56 °C [28]. However, with further addition of Pt,
the temperature hysteresis increased to above 70 °C. Because the temperature hysteresis of Ti-Pt was
68 °C [16] and greater than that of Ti-Pd, increasing temperature hysteresis by Pt addition is reasonable.

The microstructures of the heat-treated samples at 1000 °C for 168 h followed by ice water
quenching were observed by SEM, and are shown in Figure 4. The twin structure obtained by MT
was observed in all of the tested Ti-Pd-Pt-Zr, as with Ti-50Pd-5Zr [17]. The results of microstructure
observation, DSC measurement, and XRD measurement indicated that MT from the B2 to B19 structures
occurred during cooling in Ti-Pd-Pt-Zr. Particles with dark contrast represented by arrows were
observed in Ti-45Pd-5Pt-5Zr and Ti-35Pt-15Pt-5Zr, as shown in Figure 4a,b, respectively. The phase
composition analysis by EPMA for Ti-Pd-Pt-Zr is presented in Table 2. The dark-contrast phase
was identified as Ti;Pd in Ti-45Pd-5Pt-5Zr and Ti-35Pd-15Pt-5Zr because the composition ratio of
(Ti + Zr):(Pd + Pt) was approximately 2:1, if we consider that Zr and Pt partitioned to the Ti and Pd
sites, respectively. Precipitation of TiPd was also observed in Ti-50Pd-5Zr [17]. In Ti-25Pt-25Pt-5Zr,
dark- and bright-contrast phases were observed, as shown in Figure 4c (represented by arrows). The
composition ratio of (Ti + Zr):(Pd + Pt) was approximately 3:1 and 5:3 for the dark- and bright-contrast
phases, respectively. The dark-contrast phase included a higher amount of Pt compared to that in the
dark-contrast phases observed in both Ti-45Pd-5Pt-5Zr and Ti-35Pd-15Pt-5Zr. It was then considered
that the dark and bright phases were TizPt and TisPt3, respectively. These second and third phases
were not detected in XRD patterns because of the small volume fraction.
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Figure 4. Backscattered images of (a) Ti-45Pd-5Pt-5Zr, (b) Ti-35Pd-15Pt-5Zr, and (c) Ti-25Pd-25Pt-5Zr.

Table 2. Composition of precipitates in Ti-Pd-Pt-Zr.

Alloy Ti (at%) Zr (at%) Pd (at%) Pt (at%)
Ti-45Pd-5Pt-5Zr: Ti,Pd 62.2 5.3 26.3 6.2
Ti-35Pd-15Pt-5Zr: TipPd 60.6 7.0 21.3 11.1

Ti-25Pd-25Pt-5Zr (dark): TizPt 67.7 1.7 8.6 22.0
Ti-25Pd-25Pt-5Zr (Bright): TiyPts 46.9 17.0 45 31.6

3.2. Thermal Cyclic Properties

A thermal cycle test was performed under a constant stress of between 15 and 200 MPa to
investigate the shape memory property. First, a sample was placed in the testing machine and 15 MPa
was applied in compression mode. Then, the sample was heated to A¢ + 30 °C and cooled to room
temperature or Ms — 30 °C, and again heated to A¢ + 30 °C. After the first thermal cycle, the applied
stress was increased to 50 MPa, and the second cycle test was performed. The applied stress was
increased to 100, 150, and 200 MPa. Five thermal cycles were applied in total for the same samples.

The strain-temperature curves shown in Figure 5 indicate the shape memory properties of the
alloys. Shape recovery was obtained approximately above 400 °C, although an irrecoverable strain
was also observed. The starting temperature of shape recovery increased with an increase in Pt
contents. The shape recovery started at approximately 500 °C in Ti-25Pd-25Pt-5Zr. Irrecoverable
strain was not visible under 15 MPa in any alloy. However, when the applied stress was increased to
50 MPa and more, an irrecoverable strain appeared and increased with an increase in the applied stress.
The transformation and recovery strains were also increased with an increase in the applied stress.
This was because the deformation strain increasing with the increase in applied stress was recovered
by reverse phase transformation.
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Figure 5. Strain—temperature curves of thermal cycle tests of between 15 and 200 MPa for (a) Ti-50Pd-5Zr,
(b) Ti-45Pd-5Pt-5Zr, (c) Ti-35Pd-15Pt-5Zr, and (d) Ti-25Pd-25Pt-5Zr.

In Figure 6, the recoverable, irrecoverable strain, work output, and recovery ratio obtained
from Figure 5 are plotted together with the Pt-rich SMAs studied previously [28]. It is clear that the
recoverable strain decreased drastically with an increase in Pt contents and a decrease in the applied
stress. Although the irrecoverable strain was constant up to 35 at% Pt, it started to increase when Pt
contents were greater than 35 at%. As shown in Figure 5, the irrecoverable strain also increased with
an increase in applied stress. It can be reasonably assumed that the large plastic strain was introduced
under a large applied stress. The transformation strain is the sum of recoverable and irrecoverable
strains. Because the irrecoverable strain was nearly the same value and the recoverable strain decreased
with increasing Pt content up to 25 at% Pt, the transformation strain of Ti-Pd-Pt-Zr alloys decreased
with an increase in Pt. The work output also decreased with increasing Pt content, but increased
with an increase in the applied stress because the work output was obtained by the product of the
recoverable strain and applied stress. The recovery ratio decreased with increasing Pt and applied
stress. A drastic decrease in the recovery ratio was observed above 25 at% Pt. This indicates that the
potential of alloys with Pt contents greater than 25 at% for high-temperature SMAs is very low.
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Figure 6. Changes in (a) recoverable strain, (b) irrecoverable strain, (c) work output, and (d) recovery
ratio as a function of the number of cycles derived from the strain-temperature curves shown in
Figure 5.

To investigate an effect of the strength on the shape recovery effect, the Vickers hardness and
0.2% proof stress of martensite and austenite phases were measured. Table 3 and Figure 7 show the
Vickers hardness of the martensite phase at room temperature and the 0.2% proof stress of the austenite
phase together with Pt-rich Ti-Pd-Pt-Zr alloys [28]. The left- and right-side plots shown in Figure 7a
represent the hardness and 0.2% proof stress of the martensite and austenite phases of Ti-50Pd-5Zr and
Ti-50Pt-5Zr, respectively. The Vickers hardness at room temperature increased with an increase in Pt
content because the hardness of Ti-50Pt-5Zr [24,29] was greater than that of Ti-50Pd-5Zr. The 0.2%
proof stress and detwinning stress of the martensite phase also increased with increasing Pt content,
even though no data for the 0.2% proof stress in Pt-rich Ti-Pd-Pt-Zr were available. However, the 0.2%
proof stress of the austenite was nearly the same value at up to 15 at% Pt, but decreased with increasing
Pt content above 25 at% Pt. Figure 7b plots the 0.2% proof stress of the martensite and austenite phases
as a function of the testing temperature. It can be reasonably assumed that a decrease in the 0.2% proof
stress of the austenite phase above 25 at% Pt caused a drastic increase in A¢ above 600 °C from 557 °C
in Ti-35Pd-15Pt-5Zr, as shown in Figure 3. However, the 0.2% proof stress of the martensite increased,
even with an increase in M¢. Because the atomic size of Pd and Pt are nearly the same (0.1375 and
0.1387 nm, respectively [31]), the solid-solution strengthening by Pt was considered not to be high.
Thus, it is interesting that the proof stress of the martensite phase increased with the addition of Pt,
and even with an increase in the testing temperature.



Crystals 2019, 9, 595 9of 16

(a) T T T T T T T T T T 8600 (b) T J T ¥ T ¥ T X T X T g T X T
1200+ PS of Matrensite 1200 - ——Ti-25Pd-25Pt-5Zr 4
=500 —Ti-35Pd-15Pt-5Zr
1000 Hardness 1000 -
£ 400 & —Ti-45Pd-5Pt-5Zr
S 800 S 8008 _—_Tis50pd-5Zr 7
-~ —
= 600 20 S 600F —
) -~ ' B0
s Detwininng stress of Matrensite g 4 , Ti-35Pd-15Pt-5Zr
E 400 1200 & 400 TH4SPASPESZE S 1y o spy aspr.szr g
Ti-5Pd-45Pt-5Zr
200 -1100 200 _
PS of Austenite Ti-50Pd-5Zr
()= 1 ! I 1 | 1 ! 1 ! 00 ob . , . , [Ti-]SPd-3%Pt-5Zr  Ti-goPt5Zy
0 S 10 15 20 25 30 35 40 45 50 400 500 600 700 800 900 1000 1100
Ti-SOII’d-SZr Concentration of Pt (%) Ti-SOIlt-SZr Test tempertaure (°C)

Figure 7. Vickers hardness at room temperature, 0.2% proof stress of the austenite and martensite
phase, and detwinning stress of the martensite phase.

Table 3. Vickers hardness, 0.2% proof stress of the martensite and austenite phases, and detwinning
stress of the martensite phase.

Martensite Phase Austenite Phase
Alloys Hardness at Test Proof Detwinning  Detwinning Proof
Room Tem;lerature Stress, MPa Stress, MPa Stress, MPa Stress, MPa
Temperature Q)
Ti-50Pd-5Zr 357 409 780 - - 274
Ti-45Pd-5Pt-5Zr 286 425 877 246 246 281
Ti-35Pd-15Pt-5Zr 328 442 1080 387 387 315
Ti-25Pd-25Pt-5Zr 377 509 1205 436 436 231
Ti-15Pd-35Pt-5Zr [29] 399 - - - - 203
Ti-5Pd-45Pt-5Zr [29] 423 - - - - 125
Ti-50Pt-5Zr [24,29] 433 - - - - 110

The drastic decrease in the strength of the austenite phase above 25 at% Pt shown in Figure 7
may explain the increase of the irrecoverable strain shown in Figure 6b. Severe plastic deformation
was considered to have occurred in the Pt-rich Ti-Pd-Pt-Zr alloys, resulting in a large extent of
irrecoverable strain.

3.3. Effects of Training

It is known that repeated thermal cyclic tests, called “training”, decreases irrecoverable strain, and
a perfect recovery is finally obtained [32,32]. For example, the irrecoverable strain of Ti-Ni base alloys
became almost 0 after 40 cycles under 80 MPa. The training was effective for Ti-Ni alloys strengthened
by the addition of Pd or Sc. In addition, precipitation hardened by Ti (C, O) and strengthened by
dislocations processed by equal channel angular extrusion when the applied stress was increased.

In this study, two thermal cycle tests were performed for Ti-35Pd-15Pt-5Zr to investigate whether
the initial stress or repetitive cycles was more effective at improving the shape memory effect. In the
first test, the first cycle was performed at a different initial stress, and subsequent cycles were performed
at a constant stress. In the second test, the cycles were performed at a different constant stress.

In the first test, the initial stress was changed to 100, 200, and 300 MPa with different samples.
The samples were then thermally cycled 10 times at 100 MPa. The strain-temperature curves for 10
cycles under 100 MPa after the initial stress of 100, 200, and 300 MPa are shown separately in Figure 8,
where the first cycle is shown at the top. When the initial applied stress was 100 MPa, the following
repetitive cycles at 100 MPa were very stable, and the transformation and irrecoverable strains were
nearly the same for all curves, as shown in Figure 8a. When the initial stress was 200 and 300 MPa, as
shown in Figure 8b,c, the large recoverable and irrecoverable strains were observed in the first cycle.
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However, both transformation and irrecoverable strains decreased in the second cycles, and were
stable in the subsequent cycles.
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Figure 8. Strain—temperature curves of Ti-35Pd-15Pt-5Zr at 100 MPa after application of initial stress of
(a) 100 MPa, (b) 200 MPa, and (c) 300 MPa.

In Figure 9, the irrecoverable and recoverable strains and the work output under 100 MPa obtained
from Figure 8 are plotted with the number of cycles. The irrecoverable strain in the first cycle increased
with an increase in the initial applied stress, but the strains were nearly the same in the subsequent
cycles, as shown in Figure 9a. The recoverable strain under the condition of an initial applied stress of
100 MPa was approximately 2.5%, as shown in Figure 9b. However, the recoverable strain in the first
cycle was nearly 4% when initial stresses of 200 and 300 MPa were applied, as shown in Figure 9b. The
recoverable strain drastically decreased in the second cycle and was nearly the same for the sample, in
which 100 MPa was applied as the initial stress. Then, the recoverable strain gradually decreased with
an increase in the number of cycles. This was because the high number of dislocations introduced
during deformation under 200 or 300 MPa restricted the MT. Because the recovery strains of the three
conditions were nearly the same in the range between 2 and 2.5%, the work output plotted in Figure 9c
was also nearly constant, regardless of the initial applied stress. A large work output was obtained in
the sample with initial applied stresses of 200 and 300 MPa because of the large recoverable strain, as
shown in Figure 9b. Although some dispersion was observed due to dispersion of recoverable strain,
the work output was very stable under all tested conditions after the second cycles. These results
clarified that the initial applied stress affects the irrecoverable strain only for the first cycle.
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Figure 9. Irrecoverable strain, recoverable strain, and work output of Ti-35Pd-15Pt-5Zr at 100 MPa
after application of initial stress of (a) 100 MPa, (b) 200 MPa, and (c) 300 MPa.
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In the second test, the thermal cycle tests at different stresses of 200 and 300 MPa were performed
eight times. The strain—temperature curves are shown in Figure 10. The large irrecoverable strain was
obtained in the first curve under 200 MPa, but it decreased in the following cycles (Figure 10a). Still, an
irrecoverable strain of approximately 1% appeared and was stable during the seven cycles. Under
300 MPa, trumpet-shaped curves were obtained (Figure 10b). A trumpet-shaped curve appears when
the compressive deformation by the applied stress is greater than expansion by heating. It can then be
said that compressive deformation progressed during heating, particularly at a temperature close to As.
The irrecoverable strain then drastically decreased in the subsequent cycles.

a _| 1 1 1 I I I I I I I T I I I I :I LI I T LI B I T 1 LI |
Do ] O s
3 e nd:
é_ y‘ 3rd_5 j 3rd_E
S E Ve B j 4th -
= [ ] brlll - ]
o= [F X o F 5
Y .
A E . — ]
3 g ™ =
j 7th j 7th_E
j 8th; :_____f: $th
2 PR W N N T ST A S T S W ] ; PR T S N T T T T T T S S S B ]

400 600 800 400 600 800
Temperature /°C Temperature /°C

Figure 10. Thermal cycle test of Ti-35Pd-15Pt-5Zr under (a) 200 MPa and (b) 300 MPa.

The irrecoverable and recoverable strains derived from Figure 10 are plotted against the number
of cycles in Figure 11. The irrecoverable strain obtained at 100 MPa, as shown in Figure 9, was also
plotted for comparison (see Figure 11a). Both the irrecoverable strain under 100 MPa and recoverable
strain were constant, that is, approximately 0.5% (Figure 11a) and approximately 2% (Figure 11b),
respectively. This indicates that the training under 100 MPa was too low to decrease the irrecoverable
strain, and did not improve the shape memory effect. However, when the applied stresses were 200
and 300 MPa, the irrecoverable strain drastically decreased for the first five cycles and saturated at
approximately 1%, as shown in Figure 11a. The amount of decrease was greater under 300 MPa than
under 200 MPa, but the saturated irrecoverable strain was the same as that under 200 MPa and double
that under 100 MPa. The recoverable strain under 300 MPa was smaller than that of 200 MPa, and
became smaller with an increase in the number of cycles, as shown in Figure 11b. This indicates that
the effect of decreasing irrecoverable strain is greater under a large applied stress, but the recoverable
strain quickly decreases due to the large number of dislocations introduced during the first cycle.
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Figure 11. (a) Irrecoverable and (b) recoverable strains of Ti-35Pd-15Pt-5Zr during thermal cyclic
testing under 100, 200, and 300 MPa.

To obtain small irrecoverable and stable recoverable strains, the thermal cyclic test under 100 MPa
is the best method under the different test conditions. Even so, the irrecoverable strain was not
eliminated through the thermal cyclic test under 100 MPa.

In our previous study, similar behavior was observed in Ti-15Pd-35Pt-5Zr [29]. The thermal
cyclic test was performed under 50 MPa after initial applied stresses of 50, 100, and 200 MPa were
applied [29]. The recoverable strain decreased and was saturated after five cycles, but the irrecoverable
strain was not perfectly eliminated. The work output then decreased during the cyclic test.

Although training was effective at decreasing and/or eliminating the irrecoverable strain for Ti-Ni
alloys [32,33], it was not effective at eliminating the irrecoverable strain in Ti-Pd-Pt-Zr. This is because
the strength of the austenite phase is less in Ti-Pd-Pt-Zr, due to a higher MTT than in Ti-Ni.

3.4. Change in Microstructure Before and After Training

The microstructures of the samples heat-treated at 1000 °C for 3 h followed by quenching in iced
water, and tested samples by thermal cycling at 15, 50, 100, 150, and 200 MPa, were observed by SEM
equipped with EBSD to investigate microstructural changes during training. The plane normal to the
direction of compression was observed for the tested sample. Inverse pole figures of the corresponding
microstructures are shown at the right of each orientation map in Figure 12a,b, respectively. A typical
twin structure with multiple variants was observed in the heat-treated sample, as shown in Figure 12a.
However, in the tested sample, the major variant was predominantly the [010] axis parallel to the
compression axis, although a few minor variants were present with the different orientation, as shown
in Figure 12b.

A similar texture was observed in Ti-Ni with a B19” structure after an in situ measurement was
performed by synchrotron radiation facility [34,35]. Although Ti-Ni was thermally cycled 20 times at
stresses of 50 to 150 MPa, the texture along the [020]g19 was produced in a direction close to the tensile
direction [35]. It is suggested that a martensite variant be selected to obtain the largest expansion of
the lattice, and thus provide the greatest accommodation to the applied strain during the tensile test.
In the Ti-Ni crystal, the lattice parameters of a, b, and ¢ were 0.29, 0.465, and 0.432 nm, respectively.
Although the lattice parameter of the austenite phase was 0.302 nm, the largest lattice change during
phase transformation was obtained along the [020] direction. This supports the observation that the
alignment of the martensite variant in the [020] direction occurs to accommodate the applied strain.
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Ti-45Pd-5Pt-5Z
‘,‘%[0(1)1]5 d-5Pt-5Zr

010

001 100

Figure 12. Orientation maps (left) and their inverse pole figures (right) of (a) heat-treated and (b) tested
samples of Ti-35Pd-15Pt-5Zr. The perpendicular plane for the compression direction was observed in
the tested sample.

In Ti-Pd, the lattice parameters of the orthorhombic B19 structure were a = 0.459, b = 0.28, and
¢ = 0.484 nm [36]. In the compression test, the martensite variant was selected to obtain the largest
compression strain. The lattice parameter of b was the smallest, that is, approximately 60% of the other
two axes, and reorientation of the martensite variant along the [010] direction is therefore considered
to relax the compressive strain under compressive stress. As a result, a greater recovery strain by
deformed strain and reverse transformation was obtained after several thermal cycle tests, as compared
with the single cycle test shown in Figure 6.

Similar behavior was also observed in Ti-50Pd-(7,10) Zr and Ti-50Pd-Zr-V [37]. The lattice
parameter b remained the smallest, even after adding Zr or V. The transformation strain was calculated
using the orientation relationship between martensite and austenite. The maximum compressive
strain during MT was obtained along the [010] direction, whereas the maximum expansion strain
was obtained during reverse transformation. This calculation indicates that the maximum recovery
strain was obtained when the compression axis was parallel to the [010] direction. It was also found
that perfect recovery was obtained in the alloy with a strong texture to the [010], whereas imperfect
recovery was obtained in the alloy with a weak texture to the [010].

The lattice parameters of the martensite in the studied alloys, obtained from XRD patterns as
presented in Figure 1, are shown in Table 4. Changes to lattice parameters were small with the additions
of Zr and Pt, and the smallest lattice parameter was obtained in [010]. The martensite variants changed
close to [010] to obtain the largest transformation strain during MT.
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Table 4. Lattice parameters of the martensite phase at room temperature (A).

Alloys a b c
Ti-45Pd-5Pt-5Zr 4.56 2.85 4.83
Ti-35Pd-15Pt-5Zr 4.6 2.83 4.85
Ti-25Pd-25Pt-5Zr 4.59 2.82 4.84

4. Conclusions

In this study, the effects of Pt on MTT and shape recovery in Ti-50Pd-5Zr were investigated.
Ti-(50—x) Pd-xPt-5Zr alloys (x = 5, 15, 25 at%) were prepared. The MTT increased with an increase
in Pt contents. For example, A¢ increased from 511°C for Ti-50Pd-5Zr to 648 °C for Ti-25Pd-25Pt-5Zr.
The shape recovery was investigated by thermal cyclic testing. Partial shape recovery was obtained
under all test conditions, although irrecoverable strain also appeared. Pt addition decreased the
recovery strain. The work output subsequently also decreased with increasing Pt content. To decrease
the irrecoverable strain, the repeated thermal cyclic test, which is called training, was performed.
The irrecoverable strain decreased as a result of this training, but it was not perfectly eliminated.

A microstructure orientation map indicated reorientation of the martensite variant in the direction
of the small lattice axis (i.e., the [010] direction) during training. This was because the texture along
[010] was effective in obtaining a large compressive strain.
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