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Abstract: The isothermal section at 927 “C of the Cr-Ni-Ti system was established using a high-efficiency diffusion couple
approach, supplemented with eight equilibrated alloys. The alloy compositions were selected on the basis of the experimental results
from the diffusion couple. Both the diffusion couple specimens and the alloys were examined by means of optical microscopy,
scanning electron microscopy, and electron probe microanalysis. No ternary compound is found at 927 °C. The following five
three-phase equilibria are well determined: TiNi;+(Cr)+(Ni), TiNi;+(Cr)+TiNi, TiNi+(Cr)+Cr,Ti, Ti,Ni+Cr,Ti+TiNi and
Ti,Ni+Cr, Ti+(Ti). The solubilities of Cr in NiTi,, NiTi, and Ni3Ti are determined to be 7.5%, 14.5% and 11.4% (molar percent),
respectively. a-Cr,Ti and S-Cr,Ti dissolve about 9.2% and 13.9% Ni (molar percent), respectively.
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1 Introduction

The Cr-Ni-Ti system is a subsystem in our research
project[1—7] aiming at establishing a thermodynamic
database for the C-Cr-Ni-Si-Ti quinary system. Ni-Cr
based alloys are important corrosion-resistant high-
temperature materials, and the addition of Ti can enhance
the comprehensive properties of the alloys. The Ni-based
superalloys that contain Cr and Ti are currently used to
manufacture parts of aircraft engines and land-based
turbines. Knowledge of the phase equilibria of the
Cr-Ni-Ti system is of fundamental interest in developing
the new Ni-based or Ti-based high-temperature structural
materials.

TAYLOR and FLOYD[S8] first investigated the
Ni-rich isothermal section of the system at 750, 1 000
and 1 150 ‘C by means of X-ray diffraction(XRD) and
optical microscopy methods. Later, KAUFMAN and
NESOR[9] performed a preliminary thermodynamic
optimization for this ternary system. They calculated a

number of partial isotherms at 1 027, 1 277 and 1 352 C.

A complete isothermal section at 850 ‘C  was
determined by BEEK et al[10] using diffusion couples
and equilibrated alloys. The samples were examined via
XRD, electron probe microanalysis(tEPMA) and

polarized light microscopy. XU and JIN[11] measured
the partial isothermal section at 927 ‘C using a diffusion
triple technique. But most of the phase equilibrium
relationships reported were presented with uncertainties,
as the scale of some phases in the diffusion triple was too
small to accurately determine the phase equilibria and
some of the phase boundaries was hard to discern.

The diffusion couple technique is an efficient
approach to determine ternary isothermal sections[12],
but in most of cases, equilibrated alloys are desirable in
order to obtain more accurate phase equilibrium data or
substantiate ones of the phase equilibria. The objective of
the present work is to accurately determine the phase
diagram of the Cr-Ni-Ti system at 927 ‘C using four
diffusion couples and key ternary alloys.

2 Experimental

Chromium (99.95%, mass percent), nickel (99.98%,
mass percent) and titanium (99.97%, mass percent) were
used as staring materials. Three binary alloys, Cr;sNigs,
Cr6Nigy and CrgTig, (molar percent, %), were melted in
an arc furnace (WKDHLI, Opto-electronics Co. Ltd.
Beijing, China) under high purity argon atmosphere
using a non-consumable tungsten electrode. The ingots
of the alloys were remelted five times to improve their
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homogeneity. The mass loss of the alloys during melting
was less than 0.1%. Slices of 4 mmX4 mmX12 mm
were cut from the ingots. Four different diffusion
couples of 4 mmX8 mmX12 mm, viz. CrsNigs/Ti,
Cr3¢Nigs/Ti, CrigTigo/Ni and CrsgNigs/CrgTig,, were made
with the technique described in detail elsewhere[13]. The
specimens were annealed in an L4514-type diffusion
furnace (Qingdao Instrument and Equipment Co. Ltd.,
China) at 927 ‘C for 192 h, and then rapidly quenched
in water.

After standard metallographic preparation, the
microstructural investigations of the Cr-Ni-Ti couples
were carried out using optical microscopy (Leica DMLP,
Germany) and scanning electron microscopy (JSM-
6360LV, JEOL, Japan). The composition-distance curves
for each element were determined using EPMA
(JXA-8800R, JEOL, Japan). The
measurements were performed perpendicular to the
interfaces between every two adjacent phases in the
diffusion couples. The equilibrium compositions of each
phase were obtained by tangential extrapolating the

microprobe

composition-distance curves for each eclement to the
phase boundaries[14].

Eight ternary alloys, the nominal compositions of
which are listed in Table 1, were selected on the basis of
the experimental obtained with EPMA
measurement of the diffusion couples to more accurately
determine some of the phase equilibria. The alloys that
were prepared by arc melting were annealed at 927 C
for 240 h, and then water-quenched. The
metallographic samples were first examined using
optical microscopy, and then analyzed using EPMA.

results

3 Results and discussion

The microstructures of the diffusion couples that are
annealed at 927 ‘C for 192 h are shown in Fig.1. The
backscattered electron(BSE) images of the ternary alloys
annealed at 927 ‘C for 240 h are presented in Fig.2.

After interdiffusion at 927 ‘C, the sequence of the
phases that form in the diffusion couple of (Cr-85Ni)/Ti
is (Ti)—Ti,Ni—TiNi+S-TiCr,— TiNi3+(Cr)—(Cr-85Ni),

Table 1 Nominal compositions of Cr-Ni-Ti ternary alloys (molar percent, %)

Element Alloy No.
1 2 3 5 6 7 8
Ti 17.0 16.0 9.0 28.0 35.0 28.0 53.0 60.5
Ni 79.0 75.0 52.0 22.5 2.0 25.5 13.0
Cr 4.0 9.0 39.0 425 70.0 21.5 26.5

Ni64Cr3ﬁ

Fig.1 BSE images of four diffusion couples annealed at 927 ‘C for 192 h: (a) (Cr-85Ni)/Ti; (b) (Cr-64Ni)/Ti; (c¢) (Cr-82Ti)/Ni;

(d) (Cr-64Ni)/(Cr-82Ti)
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Fig.2 BSE images of three representative alloys annealed at
927 ‘C for 240 h: (a) AHOy 3 (Cr39<0Ni52'0Ti9A0); (b) AllOy 4
(Cr19.0Nis3 0 Tizg 0); (¢) Alloy 5 (Craz sNipp 5Tiss.)-

as shown in Fig.1(a). The phases f-TiCr, and (Cr) are
scattered in the phase zones of TiNi and TiNi;,
respectively. And there are three-phase conjunctions of
TiNi, (Cr) and TiNi; at the interface between TiNi and
TiNiz. The sequence of the phases in the diffusion couple
(Cr-64Ni)/Ti, as shown in Fig.1(b), is (Ti)—Ti,Ni—
a-TiCr, ~ TiNi+p-TiCr, = TiNi+(Cr) > TiNi; —~ (Cr) —~
(Cr-64Ni). There appear two three-phase conjunctions of
B-TiCr,+TiNi+(Cr) and TiNi+(Cr)+TiNi; in the
interdiffusion zone.

The situation for the diffusion couple (Cr-82Ti)/Ni
is similar to that for the diffusion couple (Cr-85Ni)/Ti.
The sequence of the phases in this diffusion couple is
(Ni) = TiNi; = TiNita-TiCr, = Ti,Ni — (Cr-82Ti), and
o-TiCr;, is scattered in the phase zone of TiNi, as shown
in Fig.1(c). The sequence of the phases in the diffusion
couple (Cr-64Ni)/(Cr-82Ti) is (Cr-64Ni)— (Cr)— TiNi;

— (Cr)+TiNi— TiNi+Ti,Ni—Ti,Ni—(Cr-82Ti), as shown
in Fig.1(d). The microstructural complexity in the above
four diffusion couples may be ascribed to the
inhomogeneity of the as-cast alloys used as diffusion
couple end-members, which leads to the appearance of
the two-phase co-existing zones and three-phase
conjunctions in the diffusion couples.

As shown in Fig.2, the three representative
ternary alloys, (CrsgNisyoTig), (CrygoNiss3oTixg) and
(Cryp.sNiyy 5Tizs ), are located in the three-phase regions
TiNi;+(Cr)+(Ni), TiNiz+(Cr)+TiNi, and TiNi+(Cr)+
S-TiCr,, respectively.

The tie-line data and the tie-triangle data obtained
with EPMA measurement of the Cr-Ni-Ti diffusion
couples and ternary alloys are listed in Tables 2 and 3,
respectively. Using these experimental data, the
isothermal section at 927 °C is constructed in Fig.3. The
presently obtained data on the binary systems Cr-Ti and
Ni-Ti are in agreement with the literature data[15—16],
respectively. One of the three-phase equilibria, TiNi+
a-TiCr,+f-TiCr,, is not well determined and presented in
dashed lines, which is due to the fact that the two phases,

Table 2 Tie-line data on phase equilibria of Cr-Ni-Ti system at
927 C!

x(Cr) x(Ti) x(Cr) x(Ti) Remarks?
Ti,Ni (Ti)
1.4 67.9 1.3 91.8
4.8 67.5 8.2 85.0
7.2 66.9 18.3 74.1
TiNi TipNi
6.9 51.8 5.6 66.5
9.1 50.9 6.7 66.3
Ti,Ni a-TiCr,
6.8 66.4 54.7 38.8
p-TiCr, TiNi
51.9 35.6 6.0 48.8
p-TiCr, (Cr)
65.1 333 - - Alloy 6
TiNi (Cr)
7.2 47.6 96.8 1.8
TiNi TiNi;
2.8 44.9 0.2 26.0
TiNi; (Ni)
1.3 22.6 3.6 11.4
2.7 21.8 10.2 9.7 Alloy 1
9.0 19.9 275 4.7 Alloy 2

1 Balance Ni; 2 Data from ternary alloys are marked and remaining data are
from diffusion couples
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Table 3 Tie-triangle data on phase equilibria of Cr-Ni-Ti
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solubilities of Cr in NiTi,, NiTi, and Ni;Ti are
determined to be 7.5%, 14.5% and 11.4% (molar
percent), respectively. a-TiCr, and p-TiCr, dissolve
about 9.2% and 13.9% Ni (molar percent), respectively.
3) It is demonstrated that the diffusion couple
approach is powerful in determining ternary phase
diagrams, and useful especially in conjunction with the

system at 927 'C'
x(Cr)  x(Ti) x(Cr) x(Ti) x(Cr) x(Ti) Remarks’
(Ti) Ti,Ni a-TiCr,
19.7 71.8 7.5 66.6 61.0 373 Alloy8
Ti,Ni TiNi a-TiCr,
6.9 65.5 14.5 50.2 50.2  40.6 Alloy7
TiNi S-TiCr, (Cr)
6.6 49.6 512 349 962 1.5 Alloy5
TiNi TiNi; (Cr)
4.2 452 3.9 25.8 94.3 2.6 Alloy4
(Ni) TiNij (Cr)
38.9 3.1 11.4 19.5 95.1 1.5 Alloy 3

1 Balance Ni; 2 Data from ternary alloys are marked

0.8

2(Cr)
Fig.3 Isothermal section of Cr-Ni-Ti system at 927 C

0-TiCr, and S-TiCr,, are very difficult to identify.

According to the EPMA data, the solubilities of Cr
in NiTi,, NiTi, and NisTi are determined to be 7.5%,
14.5% and 11.4% (molar percent), respectively. And the
solubilities of Ni in a-TiCr, and f-TiCr, are measured to
be 9.2% and 13.9% (molar percent), respectively.

4 Conclusions

1) The isothermal section at 927°C of the Cr-Ni-Ti
system is established using a high-efficiency diffusion
couple approach with the aid of eight equilibrated alloys.
It is obvious that the phase equilibrium data determined
in the present work are more accurate than these
previously reported.

2) No ternary compound is found at 927 ‘C. The
following five three-phase equilibria are observed:
TiNiz+(Cr)+(Ni), TiNiz+(Cr)+TiNi, TiNi+(Cr)+s-Cr,Ti,
Ti,Ni+a-Cr,Ti+TiNi  and  TipNi+a-Cr,Ti+(Ti). The

equilibrated alloys method.
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