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Abstract

Phase equilibria at 900 °C and the liquidus projection in the Ni-rich corner of the Cu-Ni-Ti ternary system were
investigated by X-ray diffraction (XRD), scanning electron microscopy (SEM), electron probe microanalysis (EPMA) and
differential scanning calorimetry (DSC) on the annealed and as-cast alloys. For the isothermal section at 900 °C, the high-
temperature ternary compound (t,) reported in the literature was not observed but the corresponding low-temperature
compound () was identified to be stable at this temperature. For the liquidus projection, the primary phase t, was
experimentally determined for the first time, and the related solidification paths were identified through the experimental
data on the as-cast alloys. One solid-state invariant reaction, NiTi + t,— t,+ Ni,Ti at 1098.3 °C and two ternary eutectic
reactions, L — 1, + t,+ NiTi at 1126 °C and L — t,+ t,+ fcc(Cu,Ni) at 1069.5 °C were detected. Scheil reaction scheme
was also presented accordingly. All obtained experimental results will provide reliable information for further
thermodynamic optimization of the Cu-Ni-Ti ternary system.

Keywords: Cu-Ni-Ti; Isothermal section; Thermal analysis; Liquidus projection; Reaction scheme

1. Introduction

Shape memory alloys (SMAs) have been
extensively investigated as an important category of
functional materials for their potential applications in
different engineering areas, such as composite
materials, automotive, acrospace, mini actuators and
micro-electromechanical systems (MEMS), robotics,
as well as certain biomedical applications [1]. Among
various SMA systems, near-equiatomic NiTi alloys
attract the highest technological interest because of
their abilities to change shapes with temperature or
load to provide controllable material and damping
properties [2, 3]. The addition of Cu into the NiTi
alloys can substitute for the Ni-sites in B2 phase
(NiTi), which can considerably narrow the
transformation temperature hysteresis [4, 5], reduce
the sensitivity of Ms to the Ni:Ti ratio [6], increase the
strength difference between the parent and martensite
phases and improve the transformational cyclic
behavior [7]. It was also reported that the amount of
Cu substitution for Ni affects the transformation
sequence [4]. Moreover, the Cu-Ni-Ti alloys are good
potential damping materials [8] and exhibit prominent
glass forming ability through both rapid solidification
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processing and mechanical alloying [9]. Therefore, in
order to achieve the rational design of high-
performance Cu-Ni-Ti shape memory alloys, the
knowledge of phase equilibria and solidification
sequence of the Cu-Ni-Ti system is of great necessity.

The phase diagrams of the three sub-binary
systems have been well established, as shown in Fig.
1. The Cu-Ti and Ni-Ti phase diagrams are
characterized with multiple binary compounds,
whereas Cu-Ni is an isomorphous phase diagram with
spinodal decomposition of the fcc(Cu,Ni) phase at
low temperature [10, 11].

According to review work by Schuster and
Cacciamani [12], there are six ternary compounds
stable in the Cu-Ni-Ti ternary system, which are
summarized in Table 1. Several groups have
contributed to the isothermal sections of the Cu-Ni-Ti
system. The isothermal section of Cu-Ni-Ti at 800 °C
over the whole composition range was investigated by
Pfeifer et al. [13] using XRD, but the annealing time
was too short (i.e. 2 h) in their work. Subsequently,
Fedorov et al. [14] constructed the partial isothermal
sections at 850 and 1000 °C in the Cu-rich corner by
XRD method. It is worth mentioning that Fedorov et
al. [14] have not observed 1, and 1, in their samples,
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Figure 1. Binary phase diagrams [10, 11] of the Cu-Ni-Ti system along with the composition points of the alloys studied in

the present work

Cu-Ni,Ti [21, 22], NiTi-CuNiTi [23], Cu-CuNiTi
[16], CuTi-CuNiTi [23], and CuTi-NiTi [23-25]
sections have been presented by several groups. These
sections were initially presented as pseudobinary
systems. Later, the work by Zhang et al. [17] and Zhu
et al. [18] showed that the CuTi-NiTi section was not
a pseudobinary phase diagram. The phase equilibria
presented for these sections are probably reliable in
the temperature range where the liquid phase is
involved in the equilibria [12].

The experimental data on liquidus projection and
invariant reactions are mostly available for the Cu-
rich and Ti-rich regions. In the Ti-CuTi-NiTi region,
one reaction of transition type, Liquid + NiTi <» CuTi
+ NiTi,, and two ternary eutectic reactions, Liquid <>
CuTi + CuTi, + NiTi, and Liquid <> bee(Ti) + CuTi,
+ NiTi, were proposed by Gupta [39]. However, these
reactions are in contradiction to the review of
Schuster and Cacciamani [12], in which CuTi cannot
coexist with NiTi, on the liquidus surface. In the work
by Schuster and Cacciamani [12], two U-type
reactions, Liquid + bec(Ti) < CuTi, + NiTi, and
Liquid + CuTi < CuTi, + NiTi, and one ternary
eutectic reaction as Liquid <» NiTi + CuTi, + NiTi,,
were reported. This liquidus projection is also
questionable because the range of the primary CuTi,
phase is in contradiction to the liquidus in the Cu-Ti
binary system [11]. Furthermore, a ternary eutectoid
reaction as bee(Ti) «<» CuTi, + NiTi, + hep(Ti) at 738
°C was proposed by Yakushiji et al. [19] and accepted
by other researchers [12].

In the CuTi-NiTi-Cu region, a series of invariant

reactions were reported by Fedorov et al. [14],
Yakushiji et al. [40], and Alisova et al. [41]. These
reactions were accepted in the critical review of
Schuster and Cacciamani [12]. However, a few
modifications are required for some invariant
reactions to achieve the consistency with the
isothermal section at 870 °C, proposed by Loo et al.
[15]. For example, according to the reaction scheme
[12] the three-phase CuTi + NiTi + 1, field should
exist down to the room temperature, which is in
contradiction to the experimental data [15, 17, 18].

For the Cu-Ni-NiTi region, the experimental
information of the phase equilibria and invariant
reactions is far from being established. Considering
this situation, further investigations are needed to
determine the phase relations and liquidus projection
in this region.

The objective of the present work is to clarify the
conflictions on the phase equilibria in literature and
provide more accurate experimental data for further
thermodynamic optimization of the Cu-Ni-Ti ternary
system. With this purpose, we chose the isothermal
section at 900 °C to investigate, and we tried to obtain
the whole liquidus projection of the Cu-Ni-Ti system
using both the annealed and as-cast alloys.

2. Experimental procedure
Thirty-eight ternary alloys were prepared from Ni,
Ti and Cu rods (Beijing KMT Technology Co. Ltd.,

China) of 99.99 wt.% purity in an arc melting furnace
(WKDHL-I, Opto-electronics Co. Ltd., Beijing,
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Table 1. Crystal structures and lattice parameters of the phases in the Cu-Ni-Ti system

Pearson Lattice parameter
Phase symbol Space group Prototype (nm) Ref.
) cF4 Fm-3m(225) Cu a=0.3586 [26]
(BTY) c2 Im-3m(229) W a=0.333 [27]
(aTi) hP2 P6,/mme(194) Mg a=0.29486 [28]
c=0.467
(Cu) cF4 Fm-3m(225) Cu a=0.3615 [29]
. . a=0.5109
Ni,Ti hP16 P6,/mmc(194) Ni,Ti =0.8299 [30]
NiTi cP2 Pm-3m(221) CsClI a=0.3015 [31]
NiTi, cF96 Fd-3m(227) NiTi, a=1.13193 [32]
a=0.4526
Cu,Ti 0P20 Pnma(62) AuZr 5=0.4345 [33]
=1.2924
a=0.7988
Cu,Ti 0S12 Cmem(63) AwV h=0.4458 [34]
¢=0.4397
‘ , a=0.313
Cu,Ti, tP10 P4/nmm(129) Cu,Ti, [35]
; c=1.395
Cu,Ti 114 14/mmm(139) Cu,Ti a=03126 [36]
u,l1 t mmm u,l1
o o c=1.9964
. , a=0.3107
CuTi 1P4 P4/nmm(129) CuTi [36]
¢=0.5919
. a=0.29438
CuTi, 16 14/mmm(139) CuZr2 [32]
c=1.07861
g 16 14/ 139 MoSi 0312 15
TiNiCu ‘ mimm(139) o> ¢=0.7965 [13]
g tP10 P4/nmm(129) Cu,Ti a=044028 [15]
. . nmm u, 11
Ti,(NiCu), e c=1.3525
a=0.4620
‘53 _
Ti,(NiCu), orthor. N.A. N.A. b=0.4522 [37]
c=1.3194
a=0.5112
b=0.5112
T hR36 R-3m(166 BaPb co18871 38
Ti.Ni,Cu ~3m(166) s =90 ° B8]
=90 °
y=120°
a=0.5067
TS —
TiNi Cu 0P8 Pmmn Cu,Sb b=0.4216 [38]
¢=0.4495
% 18 14/ 139 TiAl a=0.3611 15
TiNi,Cu ‘ mimm(139) o ¢=0.7459 ]
b hP40 P6. /mmc(194) PdRAT: 03116 [38]
. . mmc! a
Ti ,Ni,,Cu ; : ¢=2.090
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Table 2. Summary of the phases and their compositions in the equilibrated Cu-Ni-Ti alloys after heat treatment at 900 °C

for 960 h
Alloy Equilibrated Phase composition (at.%)
phases according
NO. Composition (at.%) XRD Ni Ti Cu
. T, 4932 33.88 16.8
! NiS0-Tid5-Cu3 NiTi 50.51 46.49 3
T, 53.92 3337 12.71
3 Ni60-Ti35-Cu5 NiTi 5239 4525 236
Ni, Ti 71.79 2536 2.85
X NPT125 103758 Ni,Ti 7223 2422 3.55
H2omes 1o fec(Cu,Ni) 30.6 9.73 59.67
. NiTi 74.03 28 317
6 Ni75-Ti20-Cus fee(Cu,Ni) 7432 12.12 13.56
Ni.Ti 76.51 20.08 3.41
7 Ni80-Til5-Cu5 i
1o fee(Cu,Ni) 82.65 9.1 8.25
T, 53.4 3378 12.82
9 Ni55-Ti35-Cul0 NiTi 51.62 45.94 2.43
Ni,Ti 71.41 2534 325
o T, 50.39 3423 15.39
10 Ni60-Ti30-Cul0 Ni,Ti 70.34 26.06 3.6
o T, 67.73 248 7.47
t Ni65-Ti23-Cul0 T, 51.22 24.68 24.11
15 Ni55-Ti30-Cul5 :1 2‘7"33 ;2'25 261;89
\ , . .
o 1, 66.42 2581 7.76
16 Ni60-Ti25-Culs 1, 50.87 2548 23.65
o N, Ti 73.1 22.86 4.04
18 Ni70-Til>-Cul5 fee(Cu,Ni) 63.46 6.32 30.22
T 43.45 34 22.55
20 Ni50-Ti30-Cu20 T, 66.79 25.88 733
1, 49.47 25.9 24.63
NLTi 72.86 2321 3.93
2 Ni60-Ti20-Cu2 3
160-Ti20-Cu20 fee(Cu,Ni) 9.71 0.17 90.12
T 4325 32.94 2381
26 Nid5-Ti30-Cu25 !
B 7, 478 25.63 26.57
s NiS625Ti1875.Cuns NiTi 69.37 24.61 6.02
o2 RS o fee(Cu,Ni) 6.6 0.81 92.59
NLTi 71.93 2329 477
2 Ni60-Ti15-Cu2 3
? 160-Til3-Cu23 fee(Cu,Ni) 34.61 1.78 63.61
“ NS5 Ti175.Ca30 foo(Cu,Ni) 733 0.95 91.72
Pem o Ni,Ti 69.2 23.63 7.17
NLTi 70.38 27 6.92
33 Ni55-Til5-Cu30 S
ool fee(Cu,Ni) 22.86 0.95 76.19
1, 65.94 25.98 8.08
35 Ni48-Ti20-Cu32 T, 49.13 25.98 24.89
feo(Cu,Ni) 3.67 0.98 9535
1, 47.69 25.96 2635
37 Ni32-Ti20-Cu48 T 4222 33.82 23.96
feo(Cu,Ni) 334 1.28 95.38
NiTi 1635 51.08 32.57
38 Ni9-Ti55-Cu36 CuTi 2.69 51.45 45.86
CuTi, 5.17 66.76 28.07
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Table 3. Summary of the primary phases and solidification paths of the Cu-Ni-Ti as-cast alloys

Alloy . Phases according . .
NO. Composition (at.%) Primary phase XRD Solidification path
. . e NiTi L — NiTi
1 Ni50-Ti45-Cu5 NiTi T, L— NiTi+ 71,
2 Ni55-Ti40-Cu$ NiTi NiTh L— NiTi
T, L — NiTi + 1
. . - NiTi L — NiTi
Ni50-Ti40-Cul T .
8 150-Ti40-Cul0 NiTi T, Lo NiTi+x,
. . T, Lot
9 Ni55-Ti35-Cul0 T, NiTi Lo N+,
I T, L—r1
14 Ni50-Ti35-Cul5 T, NS Lo NiTi+ 1,
s Ting T L1
19 Ni45-Ti35-Cu20 T, NiTi Lo NiTitr,
AOTIRE T, L—or1
25 Ni40-Ti35-Cu25 T, NiTS LS NTTT,
T, Lo
26 Ni45-Ti30-Cu25 T, T, L1+,
fce(Cu,Ni) L — 1, + 1, + fcc(Cu,Ni)
T, L—or,
3 Ni60-Ti35-Cu5 T, NiTi L — 1, +NiTi
T, L — t,+ NiTi + 1,
T, Lo,
4 Ni65-Ti30-Cus T, T, L—r1,+r1
NiTi L — t,+1,+NiTi
T, L—or,
10 Ni60-Ti30-Cul0 T, T, Lort+r1
NiTi L—1t,+1,+NiTi
T, Lot
11 Ni65-Ti25-Cul0 T, T Lo+,
T, Lot +rt+1
T, L—r,
16 Ni60-Ti25-Cul5 T, L L—ort,+1,
T, Lot +r,+1
20 Ni50-Ti30-Cu20 7, %o L=,
T, Lot +r,
T, L—r1
27 Ni50-Ti25-Cu25 T T, Lo+
fee(Cu,Ni) L — 1+ 1, + fee(Cu,Ni)
T Lot
31 Ni45-Ti25-Cu30 T, T, Lottt
fce(Cu,Ni) L — t,+ 1, + fce(Cu,Ni)
L7 L—r,
35 Ni48-Ti20-Cu32 T T, L—ot+1
fce(Cu,Ni) L — 1+ 1, + fee(Cu,Ni)
T, L—r1
37 Ni32-Ti20-Cu48 L T, Lot +1
fce(Cu,Ni) L — t,+ 1, + fcc(Cu,Ni)
. . - Ni,Ti L — Ni,Ti
5 Ni71.25-Ti23.75-Cu5 Ni, T 3 3
! ' B b fec(Cu,Ni) L — Ni,Ti + foc(Cu,Ni)
. . - Ni,Ti L — Ni,Ti
12 Ni67.5-Ti22.5-Cul0 Ni,Ti fec(Cu,Ni) L — Ni,Ti + fcc(Cu,Ni)
Ni,Ti L — Ni,Ti
1 63.75-Ti21.25-Cul Ni, Ti S I .
’ Ni63.75-Ti21.25-Cul3 e fee(Cu,Ni) L — Ni,Ti + fec(Cu,Ni)

Table 3 continues on next page
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Table 3 continues from the previous page

Ni,Ti L — Ni,Ti
22 Ni60-Ti20-Cu20 Ni, Ti
fce(Cu,Ni) L — Ni,Ti + fce(Cu,Ni)
Ni,Ti L — Ni,Ti
28 Ni56.25-Til8.75-Cu25 Ni,Ti
fce(Cu,Ni) L — Ni,Ti + fcc(Cu,Ni)
Ni,Ti L — Ni,Ti
32 Ni52.5-Til7.5-Cu30 Ni,Ti ) o )
fce(Cu,Ni) L — Ni,Ti + fce(Cu,Ni)
Ni,Ti L — Ni,Ti
36 Ni48.75-Til6.25-Cu35 Ni, Ti ) o )
fce(Cu,Ni) L — Ni,Ti + fce(Cu,Ni)
Ni,Ti L — Ni,Ti
6 Ni75-Ti20-Cu5 Ni,Ti ) o )
fce(Cu,Ni) L — Ni,Ti + fce(Cu,Ni)
Ni,Ti L — Ni,Ti
29 Ni60-Til5-Cu25 Ni,Ti ) o )
’ fce(Cu,Ni) L — Ni,Ti + fce(Cu,Ni)
Ni,Ti L — Ni,Ti
33 Ni55-Til5-Cu30 Ni,Ti ) o )
; fce(Cu,Ni) L — Ni,Ti + fee(Cu,Ni)
Ni,Ti L — Ni,Ti
13 Ni75-Til5-Cul0 Ni,Ti ) o )
fee(Cu,Ni) L — Ni,Ti + fec(Cu,Ni)
Ni,Ti L — Ni,Ti
18 Ni70-Til5-Cul5 Ni,Ti ) o )
fee(Cu,Ni) L — Ni,Ti + fec(Cu,Ni)
Ni,Ti L — Ni,Ti
23 Ni65-Til5-Cu20 Ni,Ti ) o )
fee(Cu,Ni) L — Ni,Ti + fec(Cu,Ni)
7 Ni80-Til5-Cu5 fee(Cu,Ni) fee(Cu,Ni) L — fee(Cu,Ni)
24 Ni70-Ti10-Cu20 fce(Cu,Ni) fce(Cu,Ni) L — fce(Cu,Ni)
30 Ni65-Ti10-Cu25 fee(Cu,Ni) fce(Cu,Ni) L — fee(Cu,Ni)
34 Ni60-Ti10-Cu30 fee(Cu,Ni) fee(Cu,Ni) L — fee(Cu,Ni)
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China) under high purity argon atmosphere using a
non-consumable W electrode. The ingots were re-
melted 4 times to improve their homogeneity. No
chemical analysis for the alloys was conducted since
the weight loss of each alloy during the arc-melting
process was less than 1 wt.%. Afterwards, the ingots
were generally cut into two pieces. One was kept as-
cast and subjected to the microstructure observation to
investigate the primary solidification phase and
reaction type. The other was annealed and subjected
to XRD, SEM, EPMA and DSC. These alloys were
wrapped in Mo wires after mechanical polishing of
the surfaces and then sealed in evacuated silica
capsules for annealing in an L4514-type diffusion
furnace (Qingdao Instrument & Equipment Co. Ltd.,
China) at 900 °C for 960 hours, followed by
quenching in liquid nitrogen. The nominal
composition for each alloy are shown in Fig. 1 and
Tables 2 and 3.

X-ray diffraction (XRD) measurements were
performed on a Rigaku D-max/2250 VB+ X-ray
diffractometer at 40 kV and 250 mA using a Cu-Ka
radiation. Microstructure observations of the alloys in
both as-cast or annealed states were conducted using
scanning electron microscopy with energy dispersive
X-ray analysis (SEM/EDX, Nova NanoSEM-230,
USA) after standard metallographic preparation. The
primary solidification phases and reaction types were
determined from the backscattered electron (BSE)
images of the as-cast alloys. The composition analysis
of both as-cast and annealed specimens were
performed by electron probe microanalysis (EPMA,
JXA-8530, JEOL, Japan) at 15 kV with pure Ni
(99.99 wt.%), Ti (99.99 wt.%) and Cu (99.99 wt.%) as

standard materials. The phase transition temperatures
were measured by differential scanning calorimetry
(DSC) (DSC404C, Netzsch, Germany) of the
annealed alloys 3#, 9# and 37#. The measurements
were performed between 900 °C and 1300 °C with the
heating and cooling rates of 5 K/min under a flowing
argon atmosphere using the AlL,O, crucible. The
temperatures of invariant reactions were determined
from the onset of the thermal effects on the heating
curve, while those for liquidus were taken from the
tangential intersection of the last peak of the heating
curve. The analyses of relevant cooling curve are also
enclosed for comparison, as listed in Table 4.

3. Results and discussion
3.1. Phase equilibria at 900 °C

The selected annealed alloys along with the
measured constituent phases and compositions by
XRD and EPMA are listed in Table 2. In Fig. 2, the
microstructures of the alloys 20#, 26#, 16#, 15#, 37#
and 35# annealed at 900 °C for 960 h are shown in the
BSE images. Phase equilibria of T, + 1, + 1, in the
alloy 20#, t, + 1, in the alloy 26#, t, + 1, in the alloy
16#, T, + 1, in the alloy 15#, fec(Cu,Ni) + t, + 7, in the
alloy 37# and fcc(Cu,Ni) + t, + 1, in the alloy 35#
were observed, as shown in Figs. 2(a)-(f), and the
respective XRD patterns are presented in Fig. 3. The
7, phase, which was deduced considering a weak DSC
thermal signal with a heating rate of 40 K/min by Zhu
et al. [18] at 900 °C, was not observed in this work,
but the t, phase was found instead.

Fig. 4 shows the microstructures of the alloys 1#,
224, 3#, 10# and 38# annealed at 900 °C for 960 h.

Table 4. Temperatures extracted from the DSC curves in the Cu-Ni-Ti system and their interpretation

Alloy Temperature (°C)
— - - Interpretation Remarks
NO. Composition (at.%) Heating Cooling
1098.3¢ 1095.3° NiTi + 1, — Ni,Ti + 1, |Invariant reaction
) ) Not detec. 1102.7¢ L— 1, +NiTi+1, Invariant reaction
3 Ni60-Ti35-Cu5 1135.4° Not detec. L+t/L+1,+NiTi
Not detec. 1213.6 L/L+r, Primary phase
formation
1098.4% 1092.28 NiTi + 1, — Ni,Ti + 1, |Invariant reaction
1126.0% Not detec. L—rt +NiTi+r1, Invariant reaction
9 Ni55-Ti35-Cul0 1139.2° 1130.7° L+t /L+1, +NiTi
Not detec. 1152.7° L/L+r, Primary phase
formation
1069.5¢ 1065.3¢ L — 1, + 1, +(CuNi) |Invariant reaction
37 Ni32-Ti20-Cu48 1090.1¢ 1081.7¢ L+t/L+1,+T1
1137.2¢ 1117.4 L/L+1, Primary phase
formation

s strong and clear signal;  weak signal; Not detec. Not detected
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According to Fig. 4(a), there are two phases in the
annealed alloy #1. According to the XRD results
shown in Table 2, the matrix is the NiTi phase and the
second phase is t, distributed randomly. In Fig. 4(b)
of the annealed alloy 22#, there are two phases - Ni,Ti
wrapped in the net of fcc(Cu,Ni). It was also
established that the microstructure of the alloy 3#is 1,
+ NiTi + Ni,Ti (Fig. 4(c)). T, + Ni,Ti was observed in

Annealed alloy 20#, 900 °C (b)

Annealed alloy 26#, 900 °C

Figﬁre 2. BSE images of the annealed Cu-Ni-Ti alloys
(at.%) at 900 °C for 960 h: (a) alloy 20#
Ni,Ti, Cu,, (b) alloy 26# Ni,Ti, Cu,, (c) alloy
16¥ NiTi, Cu,; (d) alloy 15% Ni_Ti,,Cu,: (e)

15

23] k 57730 7
alloy 3% ]\;lﬂTlZOCMM,' ) alloy 35#5Nl48T120Cu32
°T ¥ Yy 8T fee(CuNi)
(a) $ Annealed alloy 20% NiSO-Ti30-Cu20 (at. %)
LR e Sl

‘Annealed alloy 26# Ni45-Ti30-Cu25 (at. %)

T4 .
1%
M—L 2 X At

v Annealed alloy 16# Ni60-Ti25-Cul5 (at. %)

.
X .. .+ v

Annealed alloy 15# NisS-Ti30-Cul$ (at. %)
Tty .
- vy v . X .
Y

Intensity (a.u.)
&

(e)
T+t fee(Cu,Ni) Annealed alloy 37# Ni32-Ti20-Cud8 (at. %)
L
o . N
39 PR 3
(V) R - .
T+ Hfoo(Cu,Ni) A Annealed alloy 35# Ni48-Ti20-Cu32 (at. %)
A
v v _ve X
..... BN S S S S S S B S e B S e S e p e s e
30 40 50 60 70 80

260(°)
Figure 3. XRD patterns of the annealed Cu-Ni-Ti alloys
(at.%) at 900 °C for 960 h: (a) alloy 20#
Ni,Ti, Cu,, (b) alloy 26# Ni, Ti, Cu,, (c) alloy
16§ Ni T, Cu,; (d) alloy 154 Ni_ T, Cu,. (e)
alloy 37# Ni,,1i,,Cu,, (f) alloy 35# Ni  Ti, Cu;,

327720 48’.

the annealed alloy 10# (Fig. 4(d)), and the NiTi +
CuTi + CuTi, structures was observed in the annealed
alloy 38# (Figs. 4(e)).

Based on the above analysis of BSE images and
XRD patterns in this work and the literature data [10,
11, 18, 20], the isothermal section of Cu-Ni-Ti system
at 900 °C was constructed in Fig. 5. Comparing to the

Annealed alloy 1%,900°C () Annealed alloy 22#, 900 °C

<«
s
iy

X 2000

Anncaled alloy 3#,900°C  (d) e

Figure 4. BSE images of the annealed Cu-Ni-Ti alloys
(at.%) at 900 °C for 960 h: (a) alloy I#
Ni, Ti, Cuy, (b) alloy 22# NiTi, Cu,, (c) alloy
34N T Cu; (d) alloy 10% NiTT, Cu,,; (e)

alloy 38# Ni,Ti; ,Cu,,

(DNiTi + CuTi + CuTi,
fee(Cu,Ni) + 1, + 14
fce(Cu,Ni) +1,+1,

@ tl it tﬁ + Tl

3, +NiTi + Ni,Ti

(6) Ni,Ti + fec(Cu,Ni) + 1,

@ Ni,Ti+1, +1,

O Two-phase equilibria

O Three-phase equilibria

0-X— i : .
Ti 0 bee(ti) 0.2 NiTi.(0.4 NiTi 0,6 NiTi() §feeNi) 1 ONi
Mole fraction of Ni

Figure 5. Isothermal section of the Cu-Ni-Ti system at 900
°C constructed with the experimental data of this

work
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determination by Loo et al. [20], the coordinates of
the tie-triangles NiTi + CuTi + CuTi, fce(Cu,Ni) + 1,
+ 1, fce(Cu,Ni) + 1, + 7, T, + 1, + 7, and 7, + NiTi +
Ni,Ti were experimentally determined in this work, as
shown in Fig. 5.

3.2. Liquidus surface

In order to understand the solidification sequence
and reaction type, microstructure of the as-cast alloys
in the Ni-rich corner was analyzed using the results
from SEM, EPMA and XRD. In accordance with the
primary phase, the investigated alloys could be
classified into six groups: the first group including the
alloys 1#, 2# and 8# exhibits the primary phase of
NiTi, the second group including the alloys 9#, 14#,
19#, 25# and 26# exhibits the primary phase of 11, the
third group including the alloys 3#, 4#, 10#, 11# and
16# has 1, as the primary phase, the fourth group
including the alloys 20#, 27#, 31#, 35# and 37# has 16
as the primary phase, the fifth group including the
alloys 5#, 6#, 12#, 13#, 17#, 18#, 22#, 23#, 28#, 29#,
32#, 33# and 36# exhibits Ni,Ti as the primary phase,
and the sixth group including the alloys 7#, 24#, 30#
and 34# has fcc(Cu,Ni) as the primary phase.
According to the solidification paths, the as-cast
alloys could be divided into 10 classes, and detailed
analysis is given below. The identified phases and
their compositions are presented in Table 3. The
results for some representative alloys are discussed
below.

Fig. 6 presents the microstructure and XRD
pattern of the as-cast alloy 8#. As shown in Figs. 6(a)
and 6(b), two phases could be seen distinctly: the dark
primary NiTi phase and the grey phase t,. Besides, the
eutectic NiTi + 7, structure could be seen in the

O NiTi v T

Alloy 8% Ni50-Ti40-Cul0(at. %)

1200 NiTi+t As-cast bulk sample

Intensity (Counts)
%
2
S
1
o

400 ;

T A Basmmmadlosontl

20 30 40 50 60 70 8
200"

Figure 6. BSE images and XRD pattern of the as-cast alloy

8# Ni; Ti, Cu,, (at.%) with the primary phase of
NiTi: (Ua—Z) BéE images; (c) XRD pattern

0

vicinity of the primary NiTi. Therefore, a eutectic
reaction L — NiTi + 1, could be asserted. Based on
the analysis, the sequence of the phase formation from
the liquid phase with decreasing temperature could be
specified as L — NiTi, L — NiTi + t,.

Microstructures and XRD patterns of the as-cast
alloys 14# and 26# are presented in Fig. 7. As shown
in the BSE images of these two alloys, primary phase
7, could be easily observed. Furthermore, for the as-
cast alloy 14#, the dark phase NiTi and many two-
phase eutectic structures of t, + NiTi could be
determined in the micrograph (Figs. 7(a)-(b)), which
means a reaction L — NiTi + 1, occurs during the
solidification. Therefore, the solidification sequence
of the phase formation from the liquid could be
deduced in this alloy: L — t,, L — NiTi + 7,. Figs.
7(c) and 7(d) display the micrograph of the as-cast
alloy 26#. Different from the alloy 14#, the
continuous phase 1, was formed adjacent to the
primary phase t,. It indicates that a eutectic reaction L
— 1, + 1, exists. In addition, some fine three-phase
structures 1, + 1, + fce(Cu,Ni) could be observed,
which suggests that the ternary eutectic reaction L —
T, + 1, + fce(Cu,Ni) takes place at the final stage of
solidification. Hence, the solidification path in the
alloy 26# could be deducedas L — 1, L — 1, + 1, L
— 1, + 1, + fee(Cu,Ni).

Figs. 8(a-f) present the BSE images of the as-cast
alloys 3#, 10# as well as 16#, and Fig. 8(g) shows the

As-castalloy 14# (b)

As-castalloy 14#

As-cast alloy 26# (d)| As-cast alloy 26#

fee(Cu,Ni)
fec(CuN) QY

3
¥ x 200 94 s
(e) b O NiTi % 1, ¢ feo(CuNi) O T,
- v Alloy 14% Nis0-Ti3s-Cul5 (at. %)
NI As-cast bulk sample
=il = .
& ek, Q v v v e
z v
2| trfee(CuNi) Alloy 26 Ni45-Ti30-Cu25 (at. %)
Ef ——— o As-cast bulk sample
|| ° o
v LI 4
e M AN

20 30 40 50 60 70 80

Figure 7. BSE images of the as-cast alloys (at.%) with the
primary phase of tl: (a-b) alloy 14# Ni,,Ti,.Cu,;
(c-d) alloy 26# NiTi,,Cu,;. (e) XRD patterns of

alloys 14# and 26#
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Figure 8. BSE images of the as-cast alloys with the
primary phase of t, (at.%): (a-b) alloy 3#
NiTi, .Cu,, (c-d) alloy 10# Ni,Ti, Cu,, (e-f)
alfoyl 6# Ni,Ti,.Cu,;. (g) XRD pattern of alloy
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Figure 9. BSE images and XRD pattern of the as-cast alloy
31# Ni;Ti,.Cuy, (at.%) with the primary phase of
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Figure 10. BSE images and XRD pattern of the as-cast
alloy 12# Ni, [Ti,, .Cu,, (at.%) with the primary
phase of Ni,Ti: (a-b) BSE images; (c) XRD
pattern

XRD patterns of the as-cast alloy 3#. From the BSE

images of these alloys, it is evident that the primary

phase is 7, in these alloys. In Figs. 8(a) and 8(b) for
the alloy 3#, two-phase eutectic 1, + NiTi structure
could be observed in the vicinity of the primary phase

1,, which means that a eutectic reaction L — t, + NiTi

has taken place. Besides, the three-phase eutectic 7, +

NiTi + 1, structure could be observed in some regions,

which implies that the ternary eutectic reaction L — 1,

+ NiTi + 1, has taken place at the final stage of

solidification. Therefore, the solidification sequence

of this alloy could be deduced as: L — 1, L — 1, +

NiTi, L — 1, + NiTi + 1,. Compared with the

microstructure of the as-cast alloy 3#, there is the grey

7, phase around the primary t, phase for the alloy 10#

in Figs. 8(c) and 8(d), indicating that the reaction L —

1, + 7, could be asserted. In addition, the dark phase

NiTi could be seen, which coexists with the 1, and T,

phases suggesting the occurrence of a ternary eutectic

reaction L — 1, + 7, + NiTi. Hence, the solidification
sequence of the alloy 10# could be deduced as: L —

1, L— 1, +1,L— 1, + 1, + NiTi. Different from the

alloys 3# and 10#, the t, phase in the alloy 16# is

encompassed by t, phase, which suggests that the
eutectic reaction L — 1, + 1, takes place during the
solidification, as shown in Figs. 8(e) and 8(f). In

addition, the tiny phase t1 at the border between the 1,

and 1, phases, could be observed. It means this three-

phase eutectic structure 1, + 7, + 7, formed in the final
solidification. Therefore, the solidification sequence

of this alloy could be deduced as: L — 1,, L — 1, + 1,

Lot +1,+1,.

Fig. 9 exhibits the microstructure and XRD pattern
of as-cast alloy 31#. The matrix phase 1, could be
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Figure 11. BSE image and XRD pattern of the as-cast alloy 24# Ni, Ti, Cu,, (at.%5) with the primary phase of fcc(Cu,Ni):
(a) BSE image; (b) XRD pattern
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Figure 13. Experimental determined liquidus projection of the Cu-Ni-Ti system
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evidently seen in Fig. 9(a). The enlarged part of the
BSE image shows large amount of oval t, phase near
the primary phase 1, (Fig. 9(b)). The lamellar
fce(Cu,Ni) phase could be observed in the micrograph
and the three-phase eutectic 1, + 1, + fcc(Cu,Ni)
occurred during the final solidification. Therefore, the
solidification sequence of alloy 31# could be L — 1,
L— 1, +1,L— 1+ 1, + fec(Cu,Ni).

Microstructure and XRD pattern of the as-cast
alloy 12# are shown in Fig. 10. Obviously, primary
phase Ni, Ti, white lamellar phase fce(Cu,Ni) and two-
phase eutectic structure Ni,Ti + fcc(Cu,Ni)-
morphology are presented in Fig. 10(a) and its
enlarged image Fig. 10(b). It indicates that the Ni,Ti
phase precipitated firstly, then the two-phase eutectic
structures formed during the solidification process.
Therefore, the solidification sequence of this alloy
from the liquid phase with decreasing temperature
could be deduced: L — Ni,Ti, L — Ni,Ti +
fce(Cu,Ni).

From the microstructure and XRD pattern for the
as-cast alloy 24#, as shown in Fig. 11, we can see that
fce(Cu,Ni) precipitated as primary phase and the
liquid phase composition moving along the
fce(Cu,Ni) phase surface during the solidification
process. Therefore, the solidification path of alloy 24#
could be determined as L — fcc(Cu,Ni).

DSC results of the selected annealed alloys are
presented in Table 4 and Fig. 12. For the annealed
alloy 3#, two peaks during heating and three peaks
during cooling could be seen in Fig. 12(a). As shown
in Fig. 4(c) and Figs. 8(a-b), the alloy annealed at 900
°C has a three-phase t, + Ni,Ti + NiTi microstructure
for 960 h while t,, NiTi as well as 1, phases are
observed in the as-cast state. Comparing the BSE
images in the same magnification for the alloys in
annealed state and the as-cast state, we can see that the
amount of NiTi is reduced while that of 1, is increased
after annealing. According to the isothermal section at
900 °C (Fig. 5), the two-phase region of 7, + Ni,Ti
exists at this temperature suggesting that the solid-
state invariant reaction NiTi + t, — 1, + Ni,Ti can be
assigned to the first peak at 1098.3 °C on the heating
curve. The peak at 1102 °C on the cooling represents
the invariant ternary eutectic equilibrium L — 1, +
NiTi + t,, which is also observed for the annealed
alloy 9#, as shown in Table 4. And the peak at 1135.4
°C on the heating represents the monovariant
transition of eutectic type L — 1, + NiTi at 1135.4 °C.
The peak at 1213.6 °C on the cooling curve of the
sample 3# corresponds to the primary phase formation
reaction L — 1,. However, no thermal effect was
detected on the heating curve. The DSC curves of the
annealed alloy 37# show three peaks during heating
and cooling in Fig. 12(b). Three phases, 1, 1, and
fcc(Cu,Ni), were observed in both as-cast and
annealed alloys, as shown in Table 3 and Fig. 2(e).

Therefore, according to the solidification sequence,
three peaks were characterized as L — 1, + 1, +
fee(Cu,Ni) at 1069.5 °C, L — 1, + 1, at 1090.1 °C, L
— 1, at 1137.2 °C, respectively, as listed in Table 4.

The liquidus projection was drawn to be consistent
with the experimentally determined primary
crystallization phases, solidification sequences and
DSC results from this work. The ternary alloy
compositions in this work are displayed and marked
in Fig. 13. In the present work, we focused on the Ni-
rich corner (more than 32 at.%), so the liquidus
surface beyond this composition was from the
literature [12, 17, 18]. The primary phase regions of 1,
and NiTi meet with the L + 1, + NiTi monovariant line
as shown in Fig. 13. And the primary phase regions of
1, and 1, merge with the L + 1, + 1, monovariant line.
This implies that after the primary nucleation of the
phase, the solidification course could pass along the L
+ 1, + NiTi monovariant line (corresponding to t, +
NiTi eutectic microstructure) or the L + 1, + T,
monovariant line (corresponding to T, + T,
microstructure). Microstructures of the alloys 14# and
26# in Fig. 7 and the DSC result of alloy 9# (Table 4)
confirmed this conclusion. As shown in Fig. 13, the
primary phase regions of t, and NiTi merge with the
L + 1, + NiTi monovariant line, while the primary
phase regions of 7, and 1, or t, and 1, meet with the L
+1,+ 1, or L + 1, + 1, monovariant line respectively,
which indicates that the solidification path could pass
along the L + 7, + NiTi monovariant line or the L + 1,
+ 1, monovariant line, or the L + 7, + 1, monovariant
line after the primary nucleation of the t, phase. There
will be three cases of microstructure with
solidification paths: when passing along the L + 1, +
NiTi line, the primary t, could be surrounded by the
eutectic T, + NiTi; when passing along the L + 1, + 1,
line, it should be surrounded by t, phase; when
passing along the L + 1, + 7, line, it should be
surrounded by the t, phase, which is consistent with
the observation of BSE images (Fig. 8) and the DSC
result of alloy 3# in Fig 12(a). As shown in Fig. 13,
the primary phase regions of 7, and t, meet with the L
+ 1, + 1, monovariant line, which suggests that the
solidification path could pass along this monovariant
line after the primary nucleation of the t, phase.
Microstructure of alloy 31# (Fig. 9) and DSC result of
alloy 37# (Fig. 12(b)) are consistent with this
conclusion. The primary phase regions of Ni,Ti and
fee(Cu,Ni) merge with the L + Ni,Ti + fcc(Cu,Ni)
monovariant line as shown in Fig. 13, which indicates
that the solidification path could pass along the L +
Ni,Ti + fcc(Cu,Ni) monovariant line after the primary
nucleation of the Ni,Ti phase. Microstructure of the
alloy 12# in Fig. 10 was in agreement with this
conclusion. The corresponding reaction scheme of the
liquidus projection is given in Fig. 14.
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4. Summary

Phase equilibria at 900 °C and liquidus projection
in the Ni-rich corner of the Cu-Ni-Ti ternary system
were experimentally investigated through XRD,
SEM, EPMA and DSC measurements. Six two-phase
and five three-phase regions at 900 °C were
experimentally determined by annealed samples.
Experimental results from the annealed samples
indicate that the low-temperature ternary compound
(t,) remains stable up to 900 °C, while the reported
high-temperature compound (t,) was not observed at
this temperature. By analyzing the phase composition
and microstructure of the as-cast alloys, the primary
phase T, was experimentally determined, and the
corresponding solidification paths were identified.
Based on the experimental results of this work as well
as the reliable literature information, the isothermal
section at 900 °C and liquidus projection of Cu-Ni-Ti
system as well as the reaction scheme are constructed,
which shall be used in the following thermodynamic
modeling of the Cu-Ni-Ti ternary system.
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EKSPERIMENTALNO ODREDIVANJE FAZNE RAVNOTEZE PRI 900 °C I TECNE
POVRSINE U Cu-Ni-Ti SISTEMU

B.Jin* X. Lu®, S. Liu **, D. Huang ¢, Y. Du *
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Apstrakt

Fazna ravnoteza na 900 °C i projekcija u tecnom stanju u niklom bogatom uglu Cu-Ni-Ti ternarnog sistema ispitivani su
rendgenskom difrakcijom (XRD), skenirajuc¢im elektronskim mikroskopom (SEM), elektronskom mikro-analizom (EPMA), i
diferencijalnom skenirajucom kalorimetrijom (DSC) kaljenih i izlivenih legura. Za izotermalni deo na 900 °C, nije pri
visokim temperaturama primeceno ternarno jedinjenje () koje se javija u literaturi, ali je identifikovano da je
odgovarajuce jedinjenje koje se javlja na niskim temperaturama (t,) na ovoj temperaturi stabilno. Za projekciju u tecnom
stanju primarna faza t, je eksperimentalno odredena po prvi put, i povezani putevi solidifikacije identifikovani su pomocu
eksperimentalnih podataka na izlivenim legurama. Detektovana je jedna invarijantna reakcija u ¢vrstom stanju, NiTi+ t,
— 1, + Ni,Ti na 1098.3 °C, i dve ternarne eutekticke reakcije, L — t,+ t,+ NiTina 1126 °C and L — t,+ t,+ fec(Cu,Ni)
na 1069.5 °C. Shodno tome, data je i Scheil Sema reakcije. Svi dobijeni eksperimentalni rezultati obezbedice pouzdane
informacije za dalju termodinamicku optimizaciju ternarnog Cu-Ni-Ti sistema.

Kljuéne reéi: Cu-Ni-Ti; Izotermalni deo, Termalna analiza, Projekcija u tecnom stanju; Sema reakcije
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