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Abstract: Phase equilibria in Ti—Ni—Pt ternary system have been experimentally determined through diffusion triple technique
combined with alloy samples approach. Assisted with electron probe microanalysis (EPMA) and X-ray diffraction (XRD) techniques,
isothermal sections at 1073 and 1173 K of this system were constructed and existence of ternary phase Ti,(Ni,Pt); was confirmed. In
addition, binary compounds Ti;Pts and TiPt;- were found to be stable at 1073 and 1173 K, and remarkable ternary solubility in some
binary compounds was detected, e.g., solubility of Pt in TiNi can be up to about 36% (molar fraction) at 1073 K and 40% (molar
fraction) at 1173 K. Furthermore, a ternary invariant transition reaction TiNiy+Ti3Pts—Tiy(Ni,Pt);+TiPts. at a temperature between

1073 and 1173 K was deduced.
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1 Introduction

Titanium—nickel shape memory alloys (SMAs) are
widely used in medical and industrial fields because of
their superior shape memory effect and superelasticity
[1-3]. However, high-temperature applications of TiNi
alloys are limited because their martensite transformation
temperatures (M) are commonly lower than 373 K [4].
Variety of studies have been performed to raise M, of
TiNi with addition of Pt [5,6], focusing on introducing
precipitates which are helpful to minimize residual strain
and obtain better dimensional stability [7] and oxidative
stability [8]. Several types of precipitations can be
introduced in several TiNiPt alloys [9], e.g. a fine
coherent P-phase precipitate after aging at 873 K for
100 h [10] or Tiy(Ni,Pt); phase precipitates after aging at
873 K [11,12]. In order to provide reference in
developing high-temperature shape memory alloys
(HTSMAs) and well comprehending precipitations in
TiNiPt alloys, knowledge concerning phase relationships
of Ti—Ni—Pt system is of fundamental importance.

So far, boundary binary phase equilibria in
Ti—Ni—Pt system have been widely studied. The Ni—Pt
phase diagram appears simple, showing mainly the
isomorphous feature between liquid and disordered

FCC-solid solution at high temperature besides the
order-disorder transitions at low temperature. NASH and
SINGLETON [13] performed a thermodynamic
assessment of liquid and FCC phase. Later, LU et al [14]
re-assessed the Ni—Pt system by considering ordered
phases NizPt-L12, NiPt-L10 and NiPt;-L12 at lower
temperature.

The Ti—Ni system was firstly calculated by
KAUFMAN and NESOR [15]. The most recent critical
assessment of the system has been carried out by
MURRAY [16] who considered literature data up to
1985. Later, this system has been thoroughly
investigated by several authors [17-22]. Recently,
POVODEN-KARADENIZ et al [23] re-optimized this
system by taking account of new thermodynamic data for
D024-ordered TiNi; phase along with two metastable
phases TizNiy and Ti,Ni;. It is accepted that the Ti—Ni
system contains four stable intermetallics, i.e. TiNij,
Ti,Ni, TiNi(h) and TiNi(r).

Dissimilar to the Ti—Ni system, only a few
equilibrium studies about the Ti—Pt binary system were
reported. Phase diagram of Ti—Pt system was firstly
constructed by NISHIMURA and HIRAMATSU [24].
MURRAY [25] evaluated and assessed this system in
detail. Later, BIGGS et al [26] detected a phase TisPt;
in compositional range of 30%—60%Pt (molar fraction).
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Recently, LI et al [27] have re-assessed the Ti—Pt system
thermodynamically, considering homogeneity ranges of
Ti;Pt, TiPt(h), TiPt(r) and TiPt;, phases, while neglecting
TizPts and TiPt;- phase. The TiyPt; and TiPtg phases were
treated as stoichiometric compounds, for having an
unnoticeable and uncertain solubility range. It is worth
noting that TiPt;- and TiPt;, are different phases,
respectively denoting the Pt-lean and the Pt-rich TiPt;
phase.

Phase relations in the Ti—Ni—Pt ternary system are
far from being accomplished. Only the ternary phase
Tip(Ni,Pt); reported by YANG et al [12] is available. It is
obvious that the phase diagram is the map of material
design. In order to assist the design and fabrication of
Ti—Ni based alloys, extensive investigation of phase
equilibria in the Ti—Ni—Pt ternary system is necessary.
Crystal structure data for solid phases in Ti—Ni—Pt
system are summarized in Table 1. This work aims at
measuring phase equilibria in the Ti—Ni—Pt ternary
system at 1073 and 1173 K.

2 Experimental

Pure titanium (99.999% Ti), nickel (99.99% Ni),
and platinum (99.99% Pt) were used as starting materials
for diffusion triple and alloys. To fabricate diffusion
couples, titanium block and nickel block were machined
into proper shapes (cuboid with size of 3 mm x 5 mm x
10 mm). The platinum wire with diameter of 0.5 mm was
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nipped between titanium and nickel blocks, and then was
heated to and kept at 1173 K for 10 h for diffusion-
bonding in a chamber filled with Ar of 10 Pa.
Subsequently, the so-obtained triples were sealed in
evacuated quartz capsules and then annealed at 1073 K
for 1000 h and 1173 K for 500 h. After annealing,
diffusion triples were taken out of the diffusion furnace
and quenched into water.

In order to confirm the relations determined with
diffusion triple, a set of button alloys in different
compositions were prepared by arc-melting on a
water-cooled copper plate under purified argon
atmosphere with titanium as getter material placed in the
arc chamber. To ensure a good homogenization, all
samples were turned over before each melting and
re-melted at least three times. The mass losses of the
so-obtained as-cast button shaped alloys did not exceed
1%. Subsequently, majority of samples were sealed in
evacuated quartz capsules and then heat-treated at
1073 K for 2000 h and at 1173 K for 1000 h. After
annealing, those annealed diffusion triples and
button-alloys were taken out of the diffusion furnace and
quenched into water. And they were ground on abrasive
paper, polished with diamond paste and cleaned with
alcohol in a standard method.

Constituent phases of samples were investigated by
electron probe microanalysis (EPMA) (JXA—8800R,
JEOL, Japan) equipped with OXFORD INCA 500
wavelength dispersive X-ray spectrometer (WDS). The

Table 1 Crystallographic data of solid phases in Ti—Ni—Pt system from references

System Phase Prototype Pearson’s Lattice parameter Ref.
symbol a/nm b/nm ¢/nm

T HCP-A3, o(Ti) Mg hp2 0.2950 0.2950 0.4681 [28]

BCC-A2, f(Ti) w cl2 0.3307 0.3307 0.3307 [28]

Ni FCC-A1, (Ni) Cu cF4 0.35236 0.35236 0.35236 [29]

Pt FCC-AL, (Pt) Cu cF4 0.39234 0.39234 0.39234 [30]

Ti,Ni TipNi cF96 1.13193 1.13193 1.13193 [31]

o TiNi(h) (>353 K) CICs cP2 0.3007 0.3007 0.3007 [31]

N TiNi(r) (<353 K) TiNi mP4 0.2898 0.4108 0.4646 [31]

TiNi; TiNi; hP16 0.51088 0.51088 0.83187 [29]

Ti;Pt Cr;Si cP8 0.50327 0.50327 0.50327 [32]

TiyPt; - - - - - [26]

TiPt(h) (>1307 K) CsCl cP2 0.3129 0.3129 0.3129 [33]

) TiPt(r) (<1313 K) AuCd oP4 0.459 0.276 0.482 [34]

e Ti;Pts GaZn,Aus 0l32 1.0953 0.5441 0.8169 [35]

TiPt;- TiNi; hP16 0.552 0.552 0.9019 [36]

TiPts, AuCu; cP4 0.3923 0.3923 0.3923 [37]

TiPtg TiPtg 18 0.8312 0.8312 0.3897 [38]

Ti—Ni—Pt Tip(Ni,Pt); Ti,Pd; 0C20 1.359 0.457 0.444 [39]
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acceleration voltage is 15 kV and the wavelengths used
for Ti, Ni and Pt are 2.7485 A (K,), 1.6579 A (K,))
and 6.047 A (M,), respectively. The corresponding
spectrometer crystals used for Ti, Ni and Pt are PETJ,
LIF and PETH, respectively. Standard deviations of the
measured concentration are +0.6% (molar fraction). The
total mass fraction of elements Ti, Ni, and Pt in each
phase is in the range of 97%—103%. The compositions
reported in this work were the average values of three
measurements. X-ray diffraction (XRD) was also
performed to the annealed alloys using a Cu K, radiation
on a Rigaku D-max/2550VB+ X-ray diffractometer at
40 kV and 250 mA in continuous mode with a step size
0f 0.02° at a speed of 8 (°)/min.

3 Results and discussion

3.1 Phase equilibria at 1073 K

Phase relations covering the entire composition
range of the Ti—Ni—Pt ternary system at 1073 K were
studied by combining diffusion triple and alloy sampling
methods. Figure 1 presents the BSE images of Ti—Ni—Pt
diffusion triple annealed at 1073 K for 1000 h. During
the long-term annealing, most of the equilibrium phases
were formed and can be easily identified in the diffusion
triple. The tri-junction area in the sample reflects phase
equilibrium information in the ternary system. It is
apparent that three layers of phases were formed between
the end-members Ti and Ni. With EPMA, these layers

£(Ti) [l

were detected to be Ti,Ni, TiNi and TiNi;, respectively.
Similarly, seven layers of intermetallics, i.e., Ti3Pt, TigPt;,
TiPt, TisPts, TiPt;-, TiPt;y and TiPt;, were formed
between Ti and Pt. Obviously, most of the compounds
observed here are in good agreement with those in Ti—Ni
and Ti—Pt binary systems, except for the controversial
phases TisPts and TiPt;- which were considered to be
unstable at 1073 K [25]. Furthermore, a ternary phase
was detected, of which the composition can be expressed
as Tig(Ni,Pt)s, similar to that of the ternary phase
Tip(Ni,Pt); reported by YANG et al [12], so it was
regarded as Tiy(Ni,Pt)s.

Phases and their locations in diffusion triple
annealed at 1073 K are schematically illustrated in
Fig. 2. Each curve represents an interface between two
adjacent phases, and each tri-junction point stands for a
three-phase equilibrium. Based on the assumption of
local equilibrium, the tie-line information was obtained
from composition profiles of the EPMA scans across
phase interfaces. The detailed method to extract phase
equilibrium through diffusion triple is referred to
JIN [40,41]. Phase-relations obtained from diffusion
triple at 1073 K are summarized in Table 2.

A number of 18 alloys were prepared to confirm
or supplement phase relations of the Ti—Ni—Pt system
at 1073 K. Figure 3 shows constituent phases in alloy
A3 and alloy A7. As seen from Fig. 3(a) , alloy A3
locates in the three-phase area of Ti;Pt + TiNi + TipNi.
This is confirmed by X-ray diffraction (Fig. 3(b)). Also,

Fig. 1 Backscattered electron (BSE) images of Ti—Ni—Pt diffusion triple annealed at 1073 K for 1000 h: (a) Panorama;

(b—d) Magnified parts
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Ternary equilibria:

: B(Ti)+Ti,Ni+Ti;Pt

: Ti,Ni+TiNi+Ti;Pt

: TINi+Ti;Pt+Ti,Pty

: TiNi+Ti,Pt;+TiPt

: TiNi+TiPt+Ti,y(Ni,Pt),
s TiNi+TiNi;+Ti,(Ni,Pt);

: Ti,(Ni,Pt)y+TiyPts+TiPt

: Ti,(Ni,Pt);+Ti;Pts+TiPt;,
: TiNiy+Ti,(Ni, Pt);+TiPt;,
10: TiNis+TiPty, +(Ni,Pt)

1 1: Ti;Pt+ TiPty +TiPty,

12: (Ni,Pt)+TiPt;, +TiPtg
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Fig. 2 Schematic diagram of phase distribution in diffusion triple at 1073 K (numbered tri-junction points (1—12) represent ternary
equilibria existing in Ti—Ni—Pt system)

Table 2 Tie-lines determined through Ti—Ni—Pt diffusion triple treated at 1073 K

Tie-line Phase composition (molar fraction)/% Tie-line Phase composition (molar fraction)/%
Phase 1 Phase 2 Phase 1 Phase 2
Phase 1/Phase 2 as.e - as.e Phase 1/Phase 2 - - - as.e
1 Ni Pt Ti Ni Pt Ti Ni Pt Ti Ni Pt
(Ti)YA(TI) 958 4.1 0.1 98.2 1.7 0.1 259 668 7.3 40.1 425 174
A(T/TE 971 19 10 985 07 08 250 624 126 393 40.1 206
. 92.0 6.2 1.8 68.2 31.1 0.7 25.1 492 257 39.6 347 257
P(Ti)/Ti,Ni N N
915 65 20 676 316 08 | TiNiyTi(NiPt; 255 594 151 393 353 254
ACTi)/TisPt 91.7 6.5 1.8 75.7 1.8 22.5 259 36.8 373 40.1 286 31.3
3 91.8 54 2.8 74.8 0.4 24.8 253 272 475 399 269 332
R 679 312 09 74.8 1.4 23.8 247 222 53.1 40.0 15.1 449
Ti,Ni/Ti;Pt
67.5 313 1.2 75.4 2.1 22.5 . . 488 09 503 383 05 61.2
TiPt/Ti;Pts
Ti,Ni/TiNi 673 316 1.1 50.8 48.8 0.4 502 0.5 493 385 41 574
1 1/ 11I\N1
2 67.4 313 1.3 50.3 49.2 0.5 TizPts/Ti>(Ni,Pt); 372 58 570 40.1 10.0 499
51.1 242 247 74.2 0.9 24.9 . . . 255 92 653 40.0 129 47.1
TiPt;./Tiy(Ni,Pt);
50.7 29.3 20.0 75.0 0.8 24.2 254 8.1 66.5 40.0 124 476
TiNi/Ti;Pt 51.5 29.7 18.8 74.5 0.8 24.7 Ti;Pts/TiPt;- 377 05 618 268 02 73.0
509 47.3 1.8 74.4 1.4 24.2 TiPt;_/TiPts, 266 02 732 243 06 75.1
51.1 480 09 75.1 1.7 232 37.1 53 576 25.1 54  69.5
519 161 320 535 40 375 Ti;Pts/TiPts, 38.1 05 614 249 38 713
TiNi/Ti.Pt 382 02 616 252 1.8 73.0
INV114Pt 51.3 233 254 58.6 4.5 36.9 — 239 217 544 228 135 637
505 212 283 591 30 379 TINWTIPG: 0 220 531 236 124 640
. . 746 02 252 58.9 2.3 38.8 234 696 7.0 58 932 1.0
T13Pt/Tl4Pt3
7277 0.5 268 58.0 2.1 399 23.7 642 12.1 48 931 2.1
TiNi/TiPt 504 142 354 49.8 4.3 459 224 483 293 37 86.6 9.7
509 145 346 49.8 4.3 459 TiNis/(Ni,Pt) 226 38.6 388 26 834 140
TiPt/TiPt 584 2.5 39.1 51.4 3.0 45.6 204 324 472 2.1 72.1 258
e 583 0.7 41.0 49.5 0.6 499 209 273 51.8 1.3 56.6 42.1
486 408 10.6 404 429 167 220 247 333 05 304 491
496 229 275 39.9 397 204 19.6 142 662 05 484 5I1.1
TiNi/Tip(Ni,Pt); ’ ’ ’ ’ ’ ’ TiPt;,/(Ni,Pt) 19.8 9.5 707 03 352 64.5
492 345 163 40.4 40.7 18.9 203 75 722 03 222 775
498 17.2 33.0 40.2 34.5 25.3 198 45 757 113 28 859
491 29 480 40.4 173 403 TiPt;,/TiPtg 207 34 759 10,6 1.5 87.9
499 55 453 405 98.1 314 205 2.1 774 11.6 0.5 87.9
TiPt/Tiy(Ni,Pt); ' ’ ’ ’ ’ ’ 10.1 24 875 02 149 849
489 19 492 40.3 13.1 46.6 PN 9.7 21 882 1.7 57 926
482 14 504 40.0 10.0  50.0 iPty/(Ni,Pt) 105 04 89.1 13 39 048
TiNi/TiNis 479 500 2.1 253 74.7 0.0 107 0.0 893 09 19 972
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microstructure of alloy A7 is shown in Fig. 3(c). With A8 is presented in Fig. 4(a), where two phases can be

EPMA-WDS, it is known that alloy A7 consists of f(T1), observed, which are the gray TiNi; and the white

Ti,Ni and TisPt, in accordance with XRD results Tip(Ni,Pt);, in consistence with the XRD patterns shown

(Fig. 3(d)). in Fig. 4(b). Tiy(Ni,Pt); was also detected in alloys A6,
Back-scattered electron (BSE) micrograph of alloy A9, A12 and A13.

(b) . * — Ti,Ni
+—TiNi
4 —Ti,Pt

* %

A
120 30 40 50 60 70 80
200(%)

*— A(Ti)
*— TizNi
a—Ti,Pt

A

. isﬂ:’koe *i Mu

30 40 50 60 70 80
20/(%)

Fig. 3 BSE images and XRD patterns of alloys A3 (a, b) and A7 (c, d) annealed at 1073 K for 2000 h

+—TiPt,
& — Ti,(Ni,Pt),

Fig. 4 BSE images and XRD patterns of alloys A8 (a, b) and A18 (c, d) annealed at 1073 K for 2000 h
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Especially, in order to judge whether Ti;Pts and
TiPt;- are stable or not at 1073 K, an additional alloy
A18 with the nominal composition of Ti32Pt68 was
further prepared. Figures 4(c) and (d) demonstrate that
A18 consists of two phases, Ti;Pts and TiPt;_. That is to
say, these two phases can be stable at 1073 K.

Detected phases and their corresponding
compositions in different annealed alloys are listed in
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Table 3. It can be seen later, phase relations obtained
through alloy sampling were well consistent with those
from diffusion triple.

Based on experimental results obtained in this
measurement and relevant binary systems in literatures,
the isothermal section of Ti—Ni—Pt ternary system at
1073 K is established, as shown in Fig. 5, where 12
three-phase regions were determined. It is worth noting

Table 3 Phases and their compositions in Ti—Ni—Pt alloys annealed at 1073 K

Composition Phase equilibrium Phase composition (molar fraction)/%
Alloy (molar Phase 1 Phase 2 Phase 3
fraction)%,  hasel  Phase2 - Phased TG Ti Ni Pt Ti Ni Pt
Al  TilONi65Pt25 TiNi; (Ni,Pt) - 203 422 375 26 841 133 - - -
A2 Ti30Ni65Pt5 TiNi TiNis - 258 708 34 482 434 84 - - -
A3 Ti55Ni40Pt5 Ti,Ni TiNi Ti;Pt 67.5 315 1.0 520 470 1.0 735 39 226
A4 Ti70Ni25Pt5 Ti,Ni Ti;Pt - 672 308 2.0 739 3.8 223 - - -
A5 Ti90Ni5Pt5 B(Ti) Ti;Pt - 929 45 2.6 76.7 1.1 222 - - -
A6 Ti40Ni40Pt20  Tiy(Ni,Pt); - - 399 399 202 - - - - - -
A7 Ti75Ni5Pt20 B(Ti) Ti,Ni Ti;Pt 924 54 22 684 306 1.0 758 0.7 235
A8  Ti30Ni45Pt25 TiNi; Ti,(Ni,Pt); - 25.1 497 252 39.6 352 252 - - -
A9  Ti25Ni70Pt5 TiNi; Ti,(Ni,Pt); - 25.1 693 5.6 39.6 452 152 - - -
A10  Ti50Ni25Pt25 TiNi Ti;Pt - 492 259 249 747 1.0 243 - - -
A1l Ti70Ni5Pt25 TiNi Ti;Pt - 513 333 154 748 0.5 247 - - -
A12  Ti25Ni45Pt30 TiNi; Ti,(Ni,Pt); - 252 458 29.0 39.1 326 283 - - -
A13  Ti40Ni30Pt30 TiNi Ti,(Ni,Pt); - 48.8 16.8 344 404 30.7 28.9 - - -
Al14  TilONi55Pt35 TiNi; (Ni,Pt) - 21.3 335 452 22 720 258 - - -
Al15  Ti5Ni55Pt40 TiNi; (Ni,Pt) - 21.7 279 504 09 623 36.8 - - -
A16  Ti50Ni10Pt40 TiNi TiPt - 506 135 359 503 54 443 - - -
A17  Ti55Ni5Pt40 TiNi TiyPt; - 512 146 342 583 2.1 396 - - -
Al18 Ti32Pt68 Ti;Pts TiPt;_ - 265 0.0 735 372 0.0 6238 - - -
a(Ti)_Ti

x(Pt) ——

Fig. 5 Isothermal section of Ti—Ni—Pt ternary system at 1073 K (o—Phase equilibrium determined from diffusion couple; Yx—Phase

equilibrium determined from equilibrated alloys; %—Nominal composition of equilibrated alloys)
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that Ti;Pts and TiPt;- are regarded as stable phases, and
TiPty is a stoichiometric binary phase. The ternary
compound Tiy(Ni,Pt); was detected with composition of
about 10.0%—45.2% Ni (molar fraction). Binary phases
TiNi and TiNi; show remarkable ternary solubility, e.g.,
the solubility of Pt in TiNi and in TiNi; can be up to
35.9% and 54.4% (molar fraction), respectively.

3.2 Phase equilibria at 1173 K

BSE images obtained from the Ti—Ni—Pt diffusion
triple after annealing at 1173 K for 500 h are shown in
Fig. 6, where Ti,Ni, TiNi and TiNi; were identifiable
between blocks of Ti and Ni, and TisPt, TisPt;, TiPt,
Ti;Pts, TiPt;, TiPt;, and TiPts between Ti and Pt,
respectively. And ternary phase Tiy(Ni,Pt); was also
detected at 1173 K. The phase interfaces are illustrated in
Fig. 7, and terminals of some typical tie-lines between
two phases in equilibrium can be found in Table 4.

Fig. 6 Backscattered electron (BSE) image of Ti—Ni—Pt
diffusion triple annealed at 1173 K for 500 h

To confirm or complete the phase relationship
obtained through diffusion-triple, some alloys were
synthesized and annealed at 1173 K and the
microstructures of these alloys were further analyzed. As
shown in Fig. 8(a), alloy B10 contains TiNi and Ti;Pt,
while two-phase microstructure TiNi; + (Ni,Pt) occurs in

the alloy B14 (Fig. 8(b)). BSE image of alloy B15
presented in Fig. 8(c) shows two phases, the gray TiNi
and the bright TiPt, in agreement with XRD results
(Fig. 8(d)).

Constituent phases in these annealed alloys are
summarized in Table 5. It is seen that phase equilibria
measured through alloy sampling agree well with those
through diffusion triples. Based on the measurements,
isothermal section of the Ti—Ni—Pt ternary system at
1173 K is constructed, as demonstrated in Fig. 9, which
consists of 12 three-phase regions. It is worth noting that
two three-phase regions Tiy(Ni,Pt); + Ti;Pts + TiPt and
TiNiz + Tiy(Ni,Pt); + TiPt;, at 1073 K change into
another two three-phase regions TiNi; + Tiy(Ni,Pt); +
Ti;Pts and TiNi; + TizPts + TiPt;, at 1173 K. And similar
to 1073 K, Tis;Pts and TiPt;_ are also stable at 1173 K.
The ternary phase Ti,(Ni,Pt); has a composition of
6.7%-47.1% Ni (molar fraction), showing little
difference from that at 1073 K. In addition, ternary
solubility in some binary compounds was remarkable,
e.g., solubility of Pt in TiNi and in TiNi; can be up to
39.7% and 58.5% (molar fraction) at 1173 K,
respectively.

3.3 Comparison of phase relations at 1073 and 1173 K

A preliminary comparison of phase relations at 1073
and 1173 K is carried out here. As can be seen in Figs. 5
and 9, some differences are manifested. Firstly, due to
the polymorphic transformation of a(Ti)—p(Ti), i.e.,
a(Ti) is stable at 1073 K but transforms into S(Ti) at
1173 K, the two-phase region a(Ti)+p(Ti) at 1073 K
disappears at 1173 K.

Secondly, the adjacent three-phase regions TiNi; +
Ti,(Ni,Pt); + TizPts and TiNi; + TisPts + TiPt;, at 1173 K
change into another two three-phase regions Tiy(Ni,Pt); +
TisPts + TiPts, and TiNi; + Ti(Ni,Pt); + TiPts. at 1073 K.
This implies that a typical peri-eutectoid reaction TiNi; +
TizPts — Ti(Ni,Pt); + TiPt;, occurs at a certain
temperature between 1073 and 1173 K.

Ternary equilibria:

1: A(Ti)+Ti,Ni+Ti;Pt

2: Ti,Ni+TiNi+Ti;Pt

3: TiNi+TiyPt+Ti Pty

4: TiNi+Ti Pt;+TiPt

5: TiNi+TiPt+Tiy(Ni, Pt),
6: TiNi+TiNiy+ Tiy(Ni,Pt),
7: Tip(Ni,Pt);+TiyPts+TiPt
8: TiNi;+Ti,(Ni,Pt);+Ti;Pt;
9: TiNi;+Ti;Pt;+TiPty,

10: TiNiy+TiPt;, +(Ni,Pt)
11: Ti;Pts+TiPt; +TiPts,
12: (Ni,Pt)+TiPt; +TiPtg

Fig. 7 Schematic diagram of phase distribution of 1173 K diffusion triple (numbered tri-junction points (1—12) represent ternary

equilibria existing in Ti—Ni—Pt system)
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Tie-line Phase composition (molar fraction)/%
Phase 1/Phase 2 Ti Phas;il Pt T Ph;sie 2 Pt
o 90.8 6.5 2.7 68.9 29.7 1.4
A(Ti)/ TiNi 90.6 6.8 2.6 69.0 28.9 2.1
912 6.2 2.6 75.6 1.4 23.0
B(Ti)/TisPt 90.8 6.7 2.5 75.7 2.0 223
91.2 6.3 2.5 75.7 1.6 2.7
o 69.0 28.9 2.1 75.6 1.0 23.4
TioNi/Ti;Pt 68.0 29.9 2.1 75.8 1.4 22.8
e 68.0 30.8 12 51.9 475 0.6
Ti,Ni/TiNi 67.9 30.0 2.1 52.3 46.1 1.6
513 15.3 33.4 735 0.4 26.1
- 51.4 18.4 30.2 73.9 1.5 24.6
TiNi/TizPt 51.2 275 21.3 74.9 0.8 24.3
513 38.9 9.8 75.0 1.1 23.9
o 513 153 33.4 58.4 2.8 38.8
TiNi/TisPts 51.3 10.3 38.4 57.8 2.7 39.5
. 75.1 05 24.4 585 15 40.0
Ti;PYTisPty 73.5 0.4 26.1 58.4 2.8 38.8
- 50.4 9.9 39.7 49.4 52 45.4
TiNi/fTiPt 50.3 10.4 39.3 50.4 4.8 44.8
58.4 0.8 40.8 50.4 0.4 492
Ti,Pty/TiPt 57.9 1.0 41.1 50.9 1.0 48.1
583 2.6 39.1 50.5 4.4 45.1
48.1 15.5 36.4 413 30.5 282
o 482 353 16.5 40.1 38.2 21.7
TiNi/Ti,(Ni,Pt); 48.6 38.8 12,6 40.5 40.8 18.7
48.4 20.1 31.5 40.6 33.9 25.5
49.7 5.1 452 402 24.9 34.9
48.8 2.0 492 40.8 8.6 50.6
TiPt/Tio(Ni,Pt); 49.5 1.9 48.6 40.7 14.5 44.8
50.0 25 47.5 40.8 19.1 40.1
48.7 0.8 50.5 40.3 6.7 53.0
TiNi/TiNi, 47.8 487 35 262 73.7 0.1
25.5 55.4 19.1 40.8 31.8 27.4
26.0 65.5 8.5 40.9 39.7 19.4
o 26.1 61.1 12.8 39.9 36.3 23.8
TiNiy/Tip(Ni,P); 25.6 33.8 40.6 40.3 14.9 44.8
26.5 24.7 48.8 40.7 12.9 46.4
252 18.3 56.5 40.5 1.1 48.4
TiPt/TisPts 48.5 0.1 51.4 37.7 1.8 60.5
37.9 2.1 60.0 40.0 65 535
TisPts/Ti»(Ni,Pt); 37.1 4.6 583 39.8 77 525
375 5.4 57.1 40.7 10.2 49.1
TiNiy/Ti;Pts 252 17.3 575 373 52 575
Ti;Pty/TiPt;_ 37.8 05 61.7 26.5 0.2 733
TiPt, /TiPts, 26.8 0.2 73.0 24.7 0.6 74.7
36.9 1.5 61.6 24.8 31 721
TisPty/TiPts. 37.4 2.6 60.0 24.5 58 69.7
375 4.1 58.4 24.7 8.8 66.5
TiNiy/TiPts, 233 182 585 215 1.2 67.3
21.4 39.7 38.9 37 73.4 22.9
232 58.5 18.3 6.6 89.4 4.0
o 23.0 46.0 31.0 43 81.9 13.8
TiNiy/(Ni,Pt) 21.9 31.6 46.5 0.6 542 452
23.6 28.5 47.9 0.3 45.1 54.6
23.3 17.3 59.4 0.6 37.8 61.6
20.6 8.2 712 03 26.7 73.0
. . 20.5 1.2 78.3 0.1 59 94.0
TiPts./(Ni,Pt) 204 43 75.3 0.5 17.8 81.7
21.0 10.2 68.8 0.5 343 65.2
TiPt,,/TiPts 20.7 05 78.8 1.1 03 88.6
. . 10.1 0.7 89.2 0.5 1.1 98.4
TiPts/(Ni,Pt) 10.1 1.0 88.9 0.1 32 96.7
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Fig. 8 BSE images of alloys annealed at 1173 K for 1000 h: (a) Alloy B10; (b) Alloy B14; (c) Alloy B15; (d) XRD pattern of alloy

BI15

Table 5 Phases and their compositions in Ti—Ni—Pt alloys annealed at 1173 K

Phase equilibrium

Phase composition (molar fraction)/%

Composition
Alloy (molar fraction)/ Phase 1 Phase 2 Phase 3
o, Phase 1 Phase 2 Phase 3 T N Pt T N T N -
Bl Ti25Ni70Pt5 TiNi; Tiy(Ni,Pt); - 257 68.1 6.2 38.8 45.1 16.1 - - -
B2 Ti30Ni65Pt5 TiNi TiNi; - 47.0 432 938 251 712 3.7 - - -
B3 Ti55Ni40Pt5 Ti,Ni TiNi Ti;Pt 68.1 289 3.0 52.1 438 4.1 752 08 240
B4 Ti70Ni25Pt5 Ti,Ni Ti;Pt - 682 29 28 755 04 241 - - -
B5 Ti90Ni5Pt5 A(Ti) Ti;Pt - 922 50 28 76.8 03 229 - - -
B6 Ti75Ni5Pt20 B(Ti) TioNi TisPt 974 02 24 68.8 289 23 773 1.0 217
B7 TilONi65Pt25 TiNi; (Ni,Pt) - 202 442 356 42 783 175 - - -
B8 Ti30Ni45Pt25 TiNi; Tiy(Ni,Pt); - 255 54.1 204 39.0 281 329 - - -
B9 Ti50Ni25Pt25 TiNi Ti;Pt - 49.1 263 24.6 748 1.1 241 - - -
BI10 Ti70Ni5Pt25 TiNi Ti;Pt - 51.8 321 161 754 05 24.1 - - -
BIl  Ti25Ni45Pt30 TiNi; Ti,(Ni,Pt); - 254 47.1 275 39.6 20.1 403 - - -
B12  Ti40Ni30Pt30 TiNi Ti,(Ni,Pt); - 484 15.1 36.5 40.1 305 294 - - -
B13  TilONi55Pt35 TiNi; (Ni,Pt) - 20.1 38.8 41.1 14 692 294 - - -
Bl14 Ti5Ni55Pt40 TiNi; (N1,Pt) - 20.6 362 432 1.8 57.8 404 - - -
B15  Ti50Nil0Pt40 TiNi TiPt - 509 9.7 394 504 48 448 - - -
B16 Ti32Pt68 Ti;Pts TiPt;_ - 267 00 733 373 00 627 - - -
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Fig. 9 Isothermal section of Ti—Ni—Pt ternary system at 1173 K (o—Phase equilibrium determined from diffusion couple;

Yx—Phase equilibrium determined from equilibrated alloys; %—Nominal composition of equilibrated alloys)

4 Conclusions

1) Isothermal sections of the Ti—Ni—Pt ternary
system at 1073 and 1173 K have been measured in the
present work, and an invariant transition reaction TiNi;+
TizPts — Tip(Ni, Pt); + TiPt;, at a temperature between
1073 and 1173 K was deduced.

2) Existence of the ternary phase Tiy(Ni, Pt); was
confirmed, and its composition ranges from 10.0% to
45.2%Ni (molar fraction) at 1073 K and from 6.7% to
47.1%Ni (molar fraction) at 1173 K.

3) Binary phase Ti;Pts and TiPt;- were found to be
stable at both 1073 and 1173 K, and TiPty was
determined to be a stoichiometric phase. In addition,
remarkable ternary solubility of Pt in TiNi and TiNi; was
detected.
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