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Abstract: We investigated the texture and the shape change in the equiatomic TiPd alloy, and
discussed the relationship between the shape change and the atomic movements associated with
martensitic transformation. Thermomechanical analyzer tests indicate that the direction of the shape
change was different between the 0° and 90° samples, cutting out parallel and perpendicular to the
hearth side of button ingot, respectively. In the 0° sample, shrinking and expansion were observed
during the reverse and forward martensitic transformations, respectively, whereas the opposite
tendency was confirmed in the 90° sample compared to the 0° sample. During the isobaric test, the
martensitic variants were oriented to a (010) plane with compressive loading, and the B2 parent phase
crystals also became coarse. There is a close relationship between the shape change due to the crystal
orientation by the isobaric test and the shear-shuffling direction due to martensitic transformation.
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1. Introduction

Ti-Ni alloys with thermoelastic martensitic transformation exhibit excellent shape memory
properties, and therefore, are widely used as shape memory alloys in the industrial and medical
fields [1]. However, since the Ti-Ni alloy has a martensitic transformation start temperature (Ms) of
373 K or less, its use range is limited. In recent years, there has been a demand for the development
of new shape memory alloys that can be used at high temperatures, including for jet engine parts
proposed by NASA in the United States [2].

As one of the high-temperature shape memory alloys, equiatomic TiPd alloys have been studied a
lot. This alloy undergoes martensitic transformation from a cubic B2 structure (Space group: Pm3m1) to
an orthorhombic B19 structure (Pmma) at Mg = 783 K [3]. It has been also reported that the equiatomic
TiPd alloy has a shape recovery ratio of about 60%, using the following equation: shape recovery
ratio = (L” — L")/ (L’ — Lg) x 100, where is Ly: initial length of sample, L": deformed sample length,
and L”: recovered sample length. Moreover, the shape recovery ratio improves with the addition of a
third element [4,5]. In addition, Sato et al. reported that a complete shape recovery was achieved by
the effect of a training process, that is, a repeated isobaric test on the Ti-Pd-Zr alloy [6]. The isobaric
test is a process of changing the temperature while applying a load, that is, a process of repeating
martensitic transformation with loading. The complete shape recovery is considered to originate from
the texture being oriented in a particular direction during the isobaric test. However, the identification
of an oriented plane due to the isobaric test and the origin of a crystal plane orientation have not been
clarified yet.
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There have been some reports on the shape change due to the reverse martensitic transformation
related to shape recovery. The Ti-Ni alloy [7] and the Ti-Ni-Pd alloy [8] change shape in the direction
of shrinkage with martensitic transformation, whereas the Hf-Pd alloy [9] and the Fe-Ni alloy [10]
change shape in the expanding direction. Furthermore, Wang et al. reported that the amount and
direction of shape change in Ti-Ni and Ti-Ni-Fe alloys subjected to cold rolling were significantly
different with the reduction ratio in the rolling direction, the transversal direction, and the normal
direction [11]. These support that the amount and direction of shape change accompanying martensitic
transformations are greatly related to the alloy type and crystal orientation. It is well known that shape
memory effects depend on the crystal orientations. Effects of texture orientation on shape memory
strain and martensitic deformation in Ti-Ni alloys have been clarified previously [12-14]. In addition,
it has been reported that the texture orientation significantly influences the stress—strain curve and
shape memory effects in Cu-based shape memory alloys [15,16]. Kim et al. calculated the orientation
dependence of martensitic transformation strain in the Ti-22Nb-6Ta alloy by combining its texture
and lattice-corresponding information, and showed a good agreement with experimental values [17].
Therefore, this method is expected to provide the relationship between crystal orientation and the shape
change due to martensitic transformation, leading to the elucidation of the effect in the isobaric test.

In this study, we investigated the texture and the shape change in the equiatomic TiPd alloy,
which is a typical high-temperature-type shape memory alloy, by using electron backscatter diffraction
(EBSD) measurements, a thermomechanical analyzer (TMA), and compression tests. The relationship
between shape change and atomic movements associated with martensitic transformation, that is, a
shear-shuffling mechanism, is also discussed based on those experimental results.

2. Materials and Methods

The equiatomic TiPd alloy was prepared from 99.9% titanium and 99.9% palladium (mass %)
by arc melting in an argon atmosphere. The button-shaped ingots were remelted eight times. Those
button ingots were annealed in an argon quartz tube at 1273 K for 3.6 ks, followed by water-quenching.
The dimension change of the specimen was recorded accurately by heating up to 973 K and cooling
down to R. T. (Room Temperature) in a TMA (TMA-60, Shimadzu, Kyoto, Japan) at the rate of 20 K/min
in an argon flow under a small compression force of 0.05 N. For the TMA, 3 mm X 3 mm X 0.5 mm
rectangular parallelepiped specimens were cut from the annealed button ingot using a micro-cutter.
The TMA tests were performed using two types of samples cutting out parallel and perpendicular to
the hearth side of the button ingot, which are called the 0° and 90° samples, respectively, in order to
investigate the shape change based on crystal orientation difference for the button ingot. A compression
test (AG-250KNX, Shimadzu, Kyoto, Japan) was performed to investigate the detwinning stress and
yield point at room temperature and high temperature. Compressive specimens of 2.5 mm x 2.5 mm X
5 mm with the longitudinal direction parallel to the hearth side of the button ingot were spark-cut.
The initial strain rate of the compressive test was 3 x 107%/s. The strains of the samples were measured
by the stroke of the compression testing machine. Furthermore, a compression test (AG-500kNIS,
Shimadzu, Kyoto, Japan) was also performed while changing the temperature with a constant load in
order to investigate the shape change as an isobaric test. This test was performed at 50 MPa, and the
temperature ranged from room temperature to 923 K, with a heating and cooling rate of 50 K/min. The
strains of the samples were measured by direct observation using the CCD (Charge Coupled Device)
camera in the compression testing machine.

The constituent phases were examined using a high temperature x-ray diffractometer (HTXRD,
RIGAKU RINT-TTR III, Rigaku, Akishima, Tokyo, Japan) with Ni-filtered Cu K alpha radiation (the
combination of K alpha 1 and K alpha 2, removing K beta). The structures and lattice parameter were
analyzed with the Pawley method [18] using software PDXL (Ver. 2.4, Rigaku, Akishima, Tokyo, Japan).
The texture and crystal orientation were determined using a scanning electron microscope (SEM, JEOL
7200F, JEOL Ltd., Akishima, Tokyo, Japan) equipped with an EBSD analyzer at an accelerating voltage
of 20 kV. The sample was subjected to colloidal polishing (BUEHLER Master Met: hydrogen peroxide
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solution = 5:1) after mechanical polishing. An EBSD analysis was made with the TSL Orientation
Imaging Microscopy system (Ver. 7.3.1, TSL solutions, Sagamihara, Kanagawa).

3. Results and Discussions

3.1. Microstructure and Shape Change of Water-Quenched Equiatomic TiPd Alloys

Figure 1a,b shows the results of the TMA test on the 90° and 0° samples, respectively. The 90°
sample gradually expanded with the heating from room temperature, and then it drastically expanded
between the A (reverse transformation start temperature) and the A (reverse transformation finish
temperature) temperatures, as shown in Figure 1a. Upon cooling, it drastically shrank between the Ms
and the My (martensitic transformation finish temperature) temperatures. On the other hand, in the 0°
sample shown in Figure 1b, rapid shrinking was observed from Ag to A¢, and rapid expansion was
observed from M; to Ms. Large shape changes in both specimens were confirmed with the reverse
transformation and the forward transformation of the martensitic transformation. The origin of the
crossing of the curves before and after the transformation on both samples may have originated from
the thin sample thickness of 0.5 mm and the oxidation at high temperature. It can be noted that the 90°
sample in Figure 1a shows the same direction of shape change due to martensitic transformation as the
Ti-Ni alloy [7] and the Ti-Ni-Pd alloy [8], whereas the 0° sample in Figure 1b shows the same behavior
as the Hf-Pd alloy [9] and the Fe-Ni alloy [10]. This supports that the direction of shape change
corresponding to the cut surface with the same alloy depends on the crystal orientation. Therefore,
each crystal orientation of both samples was investigated by the EBSD analysis.
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Figure 1. Strain as a function of temperature during thermo-mechanical test of equiatomic TiPd alloy.
(a) 90 and (b) 0 degrees sample.

Based on the EBSD results, the crystal orientation of the parent phase in perpendicular and
parallel to the hearth side was identified to discuss the relationship between the results of the
TMA test and the texture by calculating the strain associated with the martensitic transformation.
Figure 2 (a-1,2) and (b-1,2) show the results of the EBSD measurement of the 90° and 0° samples.
The martensitic transformation of the TiPd alloy was from a B2 structure to B19 structure, and there
were six combinations of lattice-corresponding variants.

<100 >519//< 10T >B2, < 010 >B19//< 010 >B2, < 001 >Bl9//< 101 >B2

Therefore, six types of lattice-corresponding variants appeared when the parent phase underwent
martensitic transformation. When the lattice vector of the parent phase and the set of the pole figure of
the martensite were overlapped using the stereo net, the parent phase in the A3 direction could be
estimated. This provided each old parent phase crystals, as shown by the bold black lines in Figure 2.
Five large grains corresponding to the old parent phase surrounded by the black lines were composed
of plate-shaped martensite variants, and those were oriented to (253) and (425) planes, as shown in
Figure 2 (a-1,2). On the other hand, the 0° sample in Figure 2 (b-1,2) shows that the crystal grains
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corresponding to more than 50 old parent phases consisted of plate-shaped martensitic variants, and
that those are largely oriented to (101) or (010) planes. From these results, it was found that the shape of
the crystal grains in the old parent phases was the long columnar crystal according to the solidification

from the hearth side by arc-melting, and the crystal orientations of martensitic variants were different
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for each cut surface of the button ingot.
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Figure 2. Inverse pole figures and texture plots on A3 direction of equiatomic TiPd alloy. (a-1,2) 90 and
(b-1,2) 0 degrees sample.

The transformation strain associated with the martensitic transformation was calculated using
the method reported in Sato et al. [6] and Kim et al. [17] on the basis of the above EBSD results and
HTXRD measurements. HTXRD measurements were performed to identify constituent phases and
accurate lattice constants before and after the martensitic transformation of the equiatomic TiPd alloy.
The HTXRD measurement at 823 K before the reverse martensitic transformation provided that the
lattice parameters were a = 0.461 nm, b = 0.285 nm, ¢ = 0.481 nm in the orthorhombic B19 (Pmma)
structure. One at 873 K after the reverse martensitic transformation indicates that the lattice constant
of the cubic B2 (Pm3m) structure was identified to be a = 0.318 nm. These were in good agreement
with previous studies [3]. By using these lattice constants, the individual transformation strain of each
lattice-corresponding variant in the parent phase was calculated, and the transformation strain in
the entire measured region was analyzed with the area ratio of individual crystal grains. Table 1a,b
lists the transformation strain corresponding to each grain in Figure 2(a-1) and (b-1), respectively.
It can be seen that the positive and negative values were calculated for each region, indicating the
expansion and shrinking, respectively, of each grain during martensitic transformation. From Table 1a,
it was found that the transformation strain was —0.649% as a whole in the 90° sample, and it showed
that the 90° sample tended to change in the direction of shrinking when martensitic transformation
occurred from the B2 structure to the B19 structure. This is consistent with the TMA measurement of
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Figure la. In Table 1b, the transformation strain was —1.091% as a whole in the 0° sample and therefore,
the direction of shape change due to martensitic transformation was the same as in the 90° sample.
This tendency is in disagreement with the TMA measurement of Figure 1b. Thus, there was the need
to perform as many extensive EBSD measurements as possible. Furthermore, in order to clarify the
relationship between the shape change and the crystal orientation exactly, compression tests and the
isobaric test were performed.

Table 1. Transformation strain calculated by the electron backscatter diffraction (EBSD) results of the
equiatomic TiPd alloy. (a) 90 and (b) 0-degree sample.

(@ (b)

Area e(%) Area e(%) Area £(%) Area e(%)
1 -0.807 1 -0.314 19 0.003 37 —-0.003
2 —0.805 2 -0.313 20 -0.147 38 -0.014
3 -0.751 3 -0.073 21 -0.043 39 0.013
4 0.268 4 -0.107 22 -0.019 40 0.005
5 0.773 5 0.039 23 0.218 41 0.099

Total —-0.649 6 -0.171 24 —-0.033 42 0.037

7 -0.031 25 0.101 43 0.007
8 -0.014 26 —-0.084 44 -0.013
9 -0.075 27 0.026 45 0.001
10 —0.050 28 —0.058 46 0.026
11 0.020 29 0.003 47 0.018
12 —-0.123 30 0.041 48 0.020
13 0.071 31 -0.025 49 -0.018
14 —0.061 32 -0.019 50 0.011
15 —-0.040 33 0.031 51 -0.007
16 0.048 34 0.029 52 0.041
17 —0.047 35 0.019 Total -1.091
18 -0.002 36 -0.110

3.2. Microstructure and Shape Change of Equiatomic TiPd Alloy during the Isobaric Test

Before the isobaric test, the compression test was performed to investigate the detwinning stress
and the yield point in the equiatomic TiPd alloy. Figure 3 shows the stress—strain curves in the
compression test at room temperature and 873 K. In the martensitic phase at room temperature, only
single yielding was observed. The detwinning and yield stress of the TiPd alloy in the previous study
at 758 K [4,5] were 249 and 617 MPa, respectively. Thus, it is considered that the single yielding
of 390 MPa obtained at room temperature was the detwinning stress. It seems that the yield point
was not obtained due to brittleness of the TiPd alloy at room temperature because fracture occurred
during increasing stress. In addition, at 873 K after the reverse transformation of the martensitic
transformation, the yield point (0.2% proof stress) was 62 MPa. This was in good agreement with
previous studies [4,5].

Based on the HTXRD measurements and compression tests, the isobaric test was as follows: the
compressive specimens with the longitudinal direction between the center side and the edge side of
button ingot were heated from room temperature to 923 K (A¢ or more), cooled to 723 K (M or less),
heated again to 923 K, and returned to room temperature. The load was applied at 50 MPa, which was
less than the yield point. Figure 4 is the strain-temperature curves from the forward transformation of
the martensitic transformation in the first cycle, which was the test result after once heating from room
temperature to 923K. In Figure 4, it is confirmed that the shape changed due to forward and reverse
martensitic transformation during cooling and heating, respectively, which is similar to the the TMA
test shown in Figure 1a. The values between M and M in Figure 4 indicate the transformation strain,
which includes the recovery strain and the plastic strain. The transformation strain between As and A



Metals 2020, 10, 375 60f10

shows only the recovery strain. EBSD measurements were performed to investigate changes in the
crystal orientation due to this isobaric test.
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Figure 3. Compress test of equiatomic TiPd alloy.
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Figure 4. Strain-Temperature curves of equiatomic TiPd alloy. The applied stress is 50 MPa.

Figure 5(a-1,2) and 5(b-1,2) show the EBSD results of the cross-section and the plan-view in
the compression direction after the isobaric test in Figure 4, respectively, where the Al direction in
Figure 5(a-1,2) and the A3 direction in Figure 5 (b-1,2) correspond to the compression direction. In the
A1 direction of Figure 5(a-1,2) and the A3 direction of Figure 5(b-1,2), it can be seen that plate-shaped
martensitic variants are strongly oriented to (010). This originated from the rearrangement of martensitic
variants due to stress-loading [6]. Although the micrographs are not included here, it was found that
the texture was more strongly oriented to a (010) plane for the entire sample after the compression
test at room temperature in Figure 3. Consequently, it became clear that when the compressive load
was applied to the martensitic phase on the equiatomic TiPd alloy, it was strongly oriented to (010).
Comparing the old parent phases of the EBSD results after the isobaric test in Figure 5(a-1) and the
corresponding cut surface of the 0° sample in Figure 2b, it can be seen that the grain size of the old
parent phase after the isobaric test is clearly larger. Since the isobaric test was performed at 50 MPa,
it is unlikely that the parent phase became large due to the recrystallization in the martensitic phase
itself during the isobaric test. Therefore, the coarsening of B2 grains originated from repeating the
forward and reverse martensitic transformation during the isobaric test. Using the same method
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as in Table 1, the transformation strain for each grain after the isobaric test shown in Figure 5 are
summarized in Table 2. The positive and negative values are calculated for each region as in Table 1.
The calculated transformation strain does not include the plastic strain, that is, as it corresponds to
the values between As and A¢ in Figure 4. The total transformation strain for the perpendicular and
parallel to the compression direction indicated 1.690% and —2.863% as listed in Table 2a,b, respectively,
indicating the expansion and shrinking due to the martensitic transformation. The shrinking for the
parallel to the compression direction shown in Table 2b was consistent with the isobaric test in Figure 4.
Furthermore, when comparing each corresponding transformation strain shown in Tables 1 and 2, the
total strain increased from —0.649% in Table 1a to —2.863% in Table 2b by the isobaric test. Moreover,
the expansion for the perpendicular to the compression direction expressed as 1.690 in Table 2a was
in agreement with the TMA measurement in Figure 1b. This larger transformation strain and the
agreement of direction for shape change is due to the texture with a specific crystal orientation by the
isobaric test.

010

001 100 001 100

Compress direction max= 9,932

6.775

Compress direction s

5.284

3.788

2715

1.946

[01 0]A2~7l ipess

[lOO]Al 0.717
[001]

(b-1) (b-2)

Figure 5. Inverse pole figures and texture plots on the (a-1,2) Al direction of the isobaric tested
equiatomic TiPd alloy cut in the compression direction and the (b-1,2) A3 direction of the tested
equiatomic TiPd alloy cut in a vertical compression direction.

Here, we discuss the relationship between the shape change and the atomic movements associated
with martensitic transformation, that is, a shear-shuffling mechanism. Figure 6 schematically shows
the relationship of the lattice correspondence between the B2 and the B19 structure in the equiatomic
TiPd alloy. The shear-shuffling orientation of the equiatomic TiPd alloy has been reported as (101)
[101]g, [19]. The b-axis of the B2 phase, which is the vertical direction for the shear-shuffling orientation,
shrinks by martensitic transformation, and then the a- and c-axes of the B2 phase, which are the parallel
direction for it, expand during martensitic transformation. Based on Figure 4, Figure 5(b-1) and Table 2b
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with the isobaric test, martensitic variants oriented to a (010) plane along the compression direction,
and then the transformation strain for each variant and the shape change indicate the shrinkage.
This direction is perpendicular to the shear-shuffling orientation. On the other hand, Table 2a indicates
that the transformation strain and shape change of the vertical direction for the compression one tends
to be an expansion. This direction is parallel to the shear-shuffling orientation. These results are
summarized as follows. The martensitic variants arrange with compressive loading as the isobaric
test, and then orient along the (010) plane to be perpendicular for the shear-shuffling direction during
martensitic transformation. The sample also expands in a direction parallel to the shear-shuffling
orientation. Consequently, there is a close relationship between the shape change due to the crystal
orientation by the isobaric test and the shear-shuffling direction due to martensitic transformation.
As a material design for high-temperature shape memory alloys, it is very useful to control the crystal
orientation of martensitic variants by the isobaric test by considering the shear-shuffling mechanism
due to martensitic transformation, leading to the improvement of shape memory characteristics.

Table 2. Transformation strain calculated by the EBSD results of the isobaric tested equiatomic TiPd
alloy. (a) Vertical compression direction and (b) compression direction.

(a) (b)

Area £ (%) Area & (%)
1 0.660 1 -1.165
2 0.828 2 0.159
3 -0.051 3 -3.059
4 0.285 4 —-2.906
5 0.010 5 —-0.535
6 -0.012 6 —0.288
7 -0.029 7 -3.993
Total 1.690 8 -3.950
9 -3.982
Total —-2.863
bgio 4
A by,
/

_—V

// o

L1 v

(&:%)

ag Y
agpo

Figure 6. Lattice correspondence between B2 parent phase and B19 martensite phase.
4. Conclusions

In this study, the texture and shape change of the equiatomic TiPd alloy were investigated by
EBSD measurement, TMA and compression tests. The relationship between the shape change and
the shear-shuffling mechanism associated with martensitic transformation are also discussed. The
obtained results are summarized as follows.

(1) TMA tests indicate that the direction of the shape change was different between the 0° and 90°
samples cutting out parallel and perpendicular to the hearth side of button ingot, respectively.
In the 0° sample, shrinking and expansion were, respectively, observed during the reverse and
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)

forward martensitic transformations, whereas the opposite tendency was confirmed in the 90°
sample compared to the 0° sample.

During the isobaric test, the martensitic variants arranged and oriented to a (010) plane with
compressive loading, and the B2 parent phase crystals also became coarse. There was a close
relationship between the shape change due to the crystal orientation by the isobaric test and
the shear-shuffling direction due to martensitic transformation. The sample shrank along
the compression direction, which is perpendicular to the shear-shuffling orientation. In the
vertical direction for the compressive loading, the sample expands in a direction parallel to the
shear-shuffling orientation.
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