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Titanium-platinum (TisyPtsq) (all compositions in
at%) alloy exhibits thermoelastic martensitic phase
transformation above 1000°C and has potential for
high-temperature shape memory material applications.
However, as has been previously reported, TisyPtsy alloy
exhibited a negligible recovery ratio (0-11%) and low
strength in martensite and especially in the austenite
phase due to low critical stress for slip deformation.
In order to improve the high-temperature strength
and shape memory propetties, the effects of partial
substitution of Ti with other Group 4 elements such
as zirconium and hafnium and the effect of partial
substitution of Pt with other platinum group metals
(pgms) such as iridium and ruthenium on the high-
temperature mechanical and shape memory properties
of TisyPtsy alloy were recently investigated. This paper
reviews the transformation temperatures and high-
temperature mechanical and shape memory properties
of recently developed Ti site substituted (Ti,Zr)s¢Pts,
(Ti,Hf)5oPtsy and Pt site substituted Tiso(Pt,Ru)sy and
Tiso(PtIr)so alloys for high-temperature (~800°C-
1100°C) material applications.

1. Introduction

Equiatomic nickel-titanium (NiTi), also known as
nitinol, is one of the best-known shape memory
alloys. However, nitinol is limited to biomedical
and room temperature engineering applications
(1) and cannot be used at high temperature (for
example, above 100°C) due to its low transformation
temperature (2-4). Recently, partial substitution of
Ni with Pt and Pd in NiTi was found to be effective
for increasing the transformation temperature and
it was reported that recently developed NiTi-Pd (5)
and NiTi-Pt (6) have potential for high-temperature
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shape memory material applications (4). TisoPds
and Tis)Ptsy exhibit a thermoelastic orthorhombic
(B19) martensitic phase transformation from the
austenite (B2) phase. Austenite finish (4;) (1085°C)
and martensite finish (My) (1020°C) temperatures of
TisoPtso were found to be ~500°C higher than those
of TisoPdsy whose A; was 550°C and M; was 480°C
(7). Thus, TisPtsg can be used for much higher
temperature (for example, above 1000°C) shape
memory material applications than TisoPds,, which
can be used for 400°C-600°C applications (5).
(Ti,Zr)s0Pdsy (8) has a M; of 445°C, lower than that
of TisoPdsq (5, 7), showing that Zr acts as a B2 phase
stabiliser in TisoPdso. Transformation temperatures of
TisoPdsg (7), TiseAusg (9, 10), TisePtso (7) and TisoNisg
(3) are given in Table I. As shown in Table I, Ti5,Pts,
(7) alloy has the highest transformation temperature
among the four alloys. Only TasoRusy and NbsgRusg
(11, 12) have high transformation temperatures similar
to TisoPtsg alloy (4, 7). TasgRusy and NbsgRus, exhibit
two-stage transformation from B2 to tetragonal p'
phase, and then from ' to monoclinic " phase at low
temperature (12), whereas TisyPts5y (7) exhibits one-
stage transformation from B2 phase to thermoelastic
orthorhombic (B19) martensitic phase (7).

Biggs et al. found diffusionless twin oriented
martensitic transformation at about 1000°C in Tis,Pts,
alloy. Broad laths with well-developed midribs were
observed close to the equiatomic composition (13).
They also showed that the B2 (austenite) to B19
(martensite) phase field ranges from 46 at% to 54 at%
Pt (14). Ti4Pt; phase, which had not been reported
before, was shown to be 30%-45% Pt in the revised
phase diagram for TiPt and the phase boundary for
TiPt agreed well with the literature (15). The site
preference behaviour of solute addition to TiPd
and TiPt on the basis of theoretical calculations of
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energy gap was provided by Bozzolo et al. (16). The
phase stability of TiPt at equiatomic composition was
investigated theoretically using the heat of formation,
elastic properties, electronic structure (density of
states) and phonon dispersion curves of B2,B19 and
B19' structures (17).The partial isothermal section of
the AI-Ti-Pt phase diagram at 1100°C was studied in the
compositional region below 50 at% Pt (18).

Due to the high transformation temperature of the
TisoPtsy alloy (4,7, 14), the room temperature to high-
temperature (for example, 50°C below M; and 50°C
above Ay) mechanical properties and shape memory
properties of Ti site substituted and Pt site substituted
TisoPts alloy were investigated. This article discusses
and compares recently reported results from the
present group related to the phase transformation
temperatures, mechanical and shape memory
properties of TisoPts, Ti site substituted (Ti,Zr)soPts,
(Ti,Hf)5oPtso and Pt site substituted Tisg(Pt,Ir)s, and
Tiso(Pt,Ru)sq alloys.

2. Experimental Procedures

Alloys were created by arc melting, homogenised at
1250°C for 3 h,and then quenched with ice water. The
phase transformation temperatures were investigated
using differential thermal analysis (DTA) between
600°C to 1100°C at a heating and cooling rate of
10°C min! using a Shimadzu DTA-50 device. X-ray
diffraction analysis was conducted at room temperature
(~25°C) to high temperature from 20°-90° in 26 using a
Rigaku TTR-II X-ray diffractometer with CuKa radiation.
For microstructural observation, sputter etching (dry
etching) was carried out using a glow discharge optical
emission spectrometer (GD-OES) and argon-nitrogen
gas mixture. For shape memory effect measurements,
rectangular samples of 2.5 mm x 2.5 mm x 5 mm were
compressed to apply 5% strain at a temperature of

Table |

Transformation Temperatures of TisgAusg (9), TisoPdsg (7), TisgPtsg (7) and TisgNisg (3) Alloys

Alloy My, °C Mg,°C A, °C Ay °C ArMy, °C
TisopAusg (9) 597 586 615 624 38

TisoPdsg (7) 510 480 520 550 70

TisoPtso (7) 1070 1020 1040 1085 65

TisoNisg (3) -19 -33 -4 7 40
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50°C below M; using a Shimadzu AG-X compression
test system. Samples were then heated to 1250°C and
held for 1 h under vacuum for shape recovery. The
shape memory effect was measured by comparing the
sample’s length before deformation, after applying 5%
strain and after heat treatment. For mechanical testing,
cyclic loading-unloading compression tests were
conducted for 20% applied strain at test temperatures
of 50°C below M; and 50°C above A; with an initial
strain rate of 3x 107 57!,

3. Results and Discussion

3.1 Ti5gPtso Alloys

The transformation temperatures of Tis)Pts, alloy
reported by the present research group (19) were
found to be ~50°C less than those reported elsewhere
(7). A 50°C difference in transformation temperatures
is expected to be due to small composition
variations, accuracy or the type and distance of the
thermocouple from the specimen and experimental
method used. The B2 phase structure was identified
for TisyPtso alloy above A; and B19 martensitic phase
was identified below M;and the lattice parameters of
B19 and B2 increased with increasing temperature
(20). The lattice parameters of B19 and B2 reported
by the present research group (20) were found to
be close to those reported by H. C. Donkersloot and
J.H.N.Van Vucht (7), as shown in Table II. The stress
for reorientation of martensite at room temperature
was found to be 200 MPa, decreasing to 50 MPa when
tested at 50°C below M; of TisoPtsy alloy (20). The
small non-linear strain recovery upon unloading of
mechanically loaded Tis)Pts, alloy samples below
M; was related to pseudoelasticity caused by the
reversion of a small fraction of detwinned martensite
to twinned martensite upon unloading (20). In the

ePlatinum Metals Rev., 2014, 58, (2)¢

case of superelasticity, there is reverse transformation
of deformation-induced martensite to the parent
austenite phase upon unloading.

It was also found (19) that Tis)Pts, alloy exhibited
negligible shape memory effect (~11%),due to the low
critical stress for slip deformation compared to the
stress required for martensite reorientation.The TisPts,
alloy exhibited the single yielding phenomenon and
very low strength (20 MPa) in the B2 phase region (19).
Thus, TisoPtsy alloy is very soft in the B2 phase region.
The single yielding phenomenon showed that slip is
the dominant deformation mechanism. The drastic
decrease in strength during phase transformation
from B19 to B2 and negligible shape memory effect
demonstrate that Tis)Pts, cannot be used for high-
temperature shape memory material applications.
The effect of partial substitution of Ti with the Group 4
metals Zr and Hf and of Pt with Ir and Ru to improve
the high-temperature strength and shape memory
properties are reviewed here.

3.2 Tiso(Pt,Ir)so Intermetallic Alloys

Ir has a high melting point (2447°C) compared to Pt
(1769°C) (21). Both Pt and Ir have the face-centred
cubic (fcc) crystal structure (22). The solubility of Ir
in TiPt is expected to be high as Ir is a pgm. Ir was
therefore selected to improve the high-temperature
strength and shape memory properties of TisoPts
alloy. The nominal compositions of developed alloys
were: Tiso(Ptsy5lr12.5), Tiso(Ptaslras) and Tiso(Ptia slrs75)
(19, 23-25). It was found that the intensity of DTA
peaks became weaker and the peak width became
wider with increasing Ir content (23). As shown in
Figure 1, the phase transformation temperatures
were also increased by partial substitution of Pt with
Ir and A, which was 1057°C for TisoPts, alloy, was

Table Il

Lattice Parameters B19 and B2 of TisyPts, at Different Temperatures

Alloy Temperature Phase a, A b, A C, A

RT B19 4.586 2.761 4.829
TisoPts (20) 1200°C 3.191 - -

B2

1300°C 3.196 - -

RT B19 4.55 2.73 4.79
TisoPtsg (7)

1100°C B2 3.192 - -
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Fig. 1. Transformation temperatures (19) of: (a)
TisoPtso, (b) Tiso(Pt375Ir12.5); (€) Tisp(Ptasiras); ()
Tiso(Pt155lr37,

increased to 1218°C for Tisg(Ptiy5lrszs) alloy (19).
The transformation temperatures were increased
by approximately 4°C for 1 at% partial substitution
of Pt with Ir (19, 25). The lattice parameter of B2
phase in TisyPtsy was decreased with increasing Ir
content up to Tisg(Ptyslres). However, as the Ir content
was increased further, the lattice parameter of B2
phase increased (25). Because the B19 phase is an
orthorhombic structure, the lattice parameter ratios
a/b, ¢/b and c/a were found to be larger than 1.0 and
the largest values of a/b, ¢/b and c/a appeared in
TisoPtso and decreased with increasing Ir content.
When the crystal structure is tetragonal, according to
theadopted formulaa=c# b lattice parametersaand c
will have the same value, whereas b will have different
values and c/a should be 1.0 (25). It was shown
that the value of c/a approached 1 for Tiso(Ptyplrsg)
alloy, indicating that the orthorhombic martensitic
structure of TisoPtsy changed to a tetragonal phase
with increasing Ir content to ~30 at% Ir in Tiso(Pt,Ir)s,
alloys (25). Based on these results, the Tiso(Pt,Ir)sq
alloys were divided into three groups. The first group
for the alloys with Ir of up to approximately 10% was
considered to be the TisoPtsy type orthorhombic
structure because the lattice parameters and the
lattice parameter ratios were close to those of
TisoPtso. In the second group with Ir content of
10 at% to 30 at%, the orthorhombic structure changed
to nearly tetragonal with increasing Ir content. In the
third group, the Ir content of alloys was above 30 at%
Ir, where the lattice parameter ratio c/a once again
increased with increasing Ir content (25).
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Microstructural analysis was used to observe
the surface relief around the phase transformation
temperature for TisoPtsy as well as Tiso(Pt,Ir)s, alloys.
However, the surface relief, which was very clear in
TisoPtsy, became less clear in Tisy(Pt,Ir)s, alloys (24).
The compressive strength at 1000°C test temperature
of TisoPtsy (300 MPa) increased to ~1000 MPa for
Tiso(Ptygslrs75) alloy as shown in Figure 2 (24).
Another study indicates that TisoPts, exhibits the
single yielding phenomenon (19). However, shape
memory alloys exhibit double yielding, where the first
yielding is related to deformation-induced martensitic
transformation and the second yielding is related to
permanent deformation due to slip (26). The single
yielding phenomenon for Tis Ptsy showed that slip is
the dominant deformation mechanism (19).

The double yielding phenomenon, which is a
characteristic of shape memory alloys (26), was
analysed for Tiso(Pt,Ir)so alloys (19, 24). A maximum
recovery ratio of 57% due to the shape memory effect
was observed for Tis(Ptoslrys) alloy after deformation
at 850°C and then heating above A, (24, 25) as shown
in Figure 2. However, the recovery ratio due to the
shape memory effect decreased with further increase
in Ir content (24, 25). Ti5)Pts, in the austenitic phase
region exhibited very low strength (~20 MPa) when
compression tested at 50°C above A, (19). It was also
shown that the strength of Ti5Pt5, alloy in the austenitic
phase region was increased from 20 MPa to 240 MPa
by partial substitution of Pt with Ir in Tisg(Pt;95lrs75)

1200
Tiso(Pty25lr37.5)
1000 F
© 800 |
§~ 600
N
&
Q 400 Tiso(Pt25|r25)
&
200 | TisgPtsg
0
0 20 40 60 80 100
Shape recovery ratio, %

Fig. 2. Strength of martensite at 1000°C shape
recovery ratio of TiPt and TiPt-Ir alloys (24)
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alloys (19). However, the strength of Tisy(Pt,Ir)s, alloy
in the B2 phase region was still much lower than that
in the martensite phase region (~1000 MPa) (24);
further research is required to improve the strength of
TisoPtsy shape memory alloys.

3.3 TiPt-Zr, TiPt-Hf and TiPt-Ru Intermetallic Alloys
The transformation temperatures, high-temperature
mechanical and shape memory properties of Ti site
substituted (Tiy5Zr5)Ptsq (27,28), (TiysHfs)Ptsy (29) and
Pt site substituted Tiso(PtssRus) (27) shape memory
alloys have recently been reported. Similar to Ti,Zr and
Hf also belong to Group 4 of the periodic table, so Zr
and Hf have the same number of valence electrons
(i.e. four) as Ti. The group number, melting point,
density and atomic radius of Ti, Zr, Hf, Ru and Ni are
listed in Table Ill. As shown, the atomic radii of Zr and
Hf are larger than that of Ti (30),so partial substitution
of Ti with Zr and/or Hf is expected to improve the high-
temperature strength and shape memory properties of
(TigsZrs)Ptsg and (TiysHfs)Pts alloys due to the solid
solution strengthening effect. Similar to Pt, Ru is also
a pgm, its atomic radius is smaller than that of Pt (30).
The density of Ru is also lower than that of Pt. The
melting points of Hf and Zr are higher than that of Ti
and the melting point of Ru is higher than that of Pt
(Table IlI).Therefore, partial substitution of Ti with Zr
and/or Hf in (TissZrs)Ptsy and (TigsHfs)Ptsy alloys, as
well as partial substitution of Pt with Ru in Tisq(Pt;sRus)
alloys is expected to increase the melting temperature
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of TisoPtsy alloys. The densities of Zr and Hf are higher
than that of Ti, so partial substitution of Ti with Zr
and/or Hf will increase the density of Tis)Pts, alloy.
However, the effect will be small for partial substitution
of Ti with Zr compared to partial substitution of Ti
with Hf due to the small density difference between
Ti and Zr compared to that between Ti and Hf. Since
Ru is less dense than Pt, partial substitution of Pt with
Ru will decrease the density of TisoPtsq alloy It was
reported (27-29) that partial substitution of Ti with
Zr and Hf, as well as partial substitution of Pt with
Ru in TisoPts, alloy, effectively improved the strength
in the martensitic phase as well as in the austenitic
(B2) phase region when tested at 50°C below M;
and 50°C above A, The strength at 50°C below M;
and 50°C above Ay of TisoPtsg (19), (TiysZrs)Ptsy (27, 28),
(TiysHEs)Ptsg (28, 29) and Tise(PtysRus) (27) alloys is
given in Figure 3. Partial substitution of Ti with Zr in
TisoPtso was found to be more effective in improving
the strength and shape memory properties (27, 28)
than partial substitution of Ti with Hf (28, 29) and
partial substitution of Pt with Ru (27). As revealed
by the energy dispersive spectroscopy (EDS)
composition analysis of matrix and precipitates (27),
partial substitution of Ti with Zr in (TiysZrs5)Pts, results
in precipitation of (Ti,Zr)Pt;. Such precipitates were
not found for (TigsHfs)Ptsy (28, 29) and Tisg(PtssRus)
(27) alloys, so the higher strength and shape memory
properties for (TigsZrs)Pts, were due to the combined
effects of solid solution strengthening and (Ti,Zr)Pt3

Table 11l

Physical Properties of Ti, Zr, Hf, Pt, Ru and Ni Metals

Metal Group number Atomic radius, Me.ltilzgo Density at room S
nm (30) point?, °C temperature, g cm
Ti 4 0.140 1670 4.5
Zr 4 0.155 1855 6.5
Hf 4 0.155 2231 13.2
Pt 10 0.135 1769 21.3
Ru 8 0.130 2334 12.4
Ni 10 0.135 1453 8.91

@ Melting points are given from ASM Alloy Phase Diagram Database™
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Fig. 3. Strength at 50°C below M;and 50°C above
Arof: (a) TisgPtsg (19); (b) (TiysZrs)Ptsg (27, 28); (c)
(Ti45Hf5)Pt50 (28, 29), and (d) Ti50(Pt45RU5) (27) a//OyS.
Shape recovery ratios are given in parentheses

precipitation resulting in an effective increase in
critical stress for slip deformation. It was also reported
that the transformation temperatures were decreased
by partial substitution of Ti with Zr in (TissZrs)Ptsg
(27, 28) and by partial substitution of Ti with Hf in
(TiysHfs)Ptsy (28, 29) alloys, as well as by partial

substitution of Pt with Ru in Tiso(PtysRus) (27) alloys.

This showed that Zr, Hf and Ru act as B2 phase
stabilisers in TisoPtsq intermetallic alloys.

4. Conclusions
The potential of equiatomic Tis\Pts; as a high-

temperature shape memory alloy was reviewed.

Recent efforts to improve the high-temperature
mechanical and shape memory properties of Tis,Pts,
alloy were also discussed. Partial substitution of Ti with
other Group 4 elements such as Zr and Hf, as well as
partial substitution of Pt with other pgms such as Ir
and Ru, was found to be effective for improving the
high-temperature mechanical and shape memory
properties of Tis)Ptsy alloy The higher strength and
shape memory properties for (TissZrs)Ptsy were
related to the combined effects of solid solution
strengthening and (Ti,Zr)Pt; precipitation. It was also
reported that the crystal structure of orthorhombic
martensite (B19) changed to tetragonal structure with
increasing Ir content in Tis)(Pt,Ir)5, alloys. 100% shape
memory effect has still not been achieved and the
strength of the developed TiPt-X alloys in the B2 phase

is still much lower than that in the martensite phase.
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Work is ongoing to solve these challenges in order to
use nearequiatomic TiPt based shape memory alloys
for high-temperature (>800°C) applications.
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