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Pressure is a variable whereby the state of an alloy can
be determined independent of temperature and compo-
sition. Researchers [1–5] have shown that application
of hydrostatic pressure of the order of GPa can change
phase equilibria in metallic systems and thus increase
maximum solubilities and induce eutectoid and peritec-
toid reactions that do not occur at ambient pressure. The
ability to exploit high pressure to fabricate novel, supe-
rior materials, which cannot be produced under ambient
pressure, relies on the establishment of high-pressure
phase equilibria.

The ambient pressure phase diagram for the binary
Ti-Ni alloy has been established [6], while the alloy’s
high pressure phase diagram has yet to be determined.
The present authors have experimentally established
the Ti-rich part of the phase diagram at 2.2 GPa through
measurements of Ni concentrations at phase boundaries
in two phase alloys and diffusion couples annealed at
the hydrostatic high pressure.

A Ti bar (99.79 mass%Ti, impurity: C 80, N 70, O
1300, H 6 ppm, respectively) was rolled into a plate at
room temperature, polished with emery paper and cut
into pieces. To produce Ti-Ni alloys, Ni pellets (99.97
mass%Ni, Co 0.5, Cu 1, Fe 15, S 3, C 100 ppm, re-
spectively) were ultrasonically cleaned in acetone and
arc-melted several times with appropriate amounts of
Ti in high purity Ar atmosphere. The solidified Ti-Ni
ingots contained 3.00, 4.87, 7.41, 11.81, 15.06, 33.63
and 39.68 at%Ni. These ingots were homogenized at
1173 K for 604.8 ks in Ar gas. The homogenized Ti-
15.06 at%Ni alloy contained 1600 ppm O and 40 ppm
N by mass, which was virtually identical to the oxygen
and nitrogen content of the original Ti bar.

The Ti bar and the homogenized Ti-Ni alloys were
cut into blocks about 2 mm in thickness and about
3–5 mm2 in cross-section, after which joint surfaces
were polished with a series of emery papers and fi-
nally buffed with 0.05 µm alumina powders. Several
Ti, Ti-15.06 at%Ni and Ti-39.68 at%Ni blocks were
clamped in stainless steel jigs to be used as a diffu-
sion couple in an experiment at ambient pressure. The
alloys and diffusion couples were annealed at various
diffusion annealing temperatures in silica tubes evacu-
ated and back-filled with Ar (0.1 MPa). Ti-7.41 and Ti-
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15.06 at%Ni blocks were annealed for 0.9 ks at 1273 K
and for 14 ks at 1423 K respectively, and Ti/Ti-15.06
at%Ni and Ti/Ti-39.68 at%Ni diffusion couples were
done for 3.6 to 172.8 ks at temperatures from 1023
to 1198 K.

For the high-pressure experiment, the Ti bar and Ti-
Ni alloys were lathed and cut into cylinders 4 mm in
diameter and 2.5 or 5 mm in height. Their surfaces
were metallographically polished as described above.
A Ti cylinder was coupled with a Ti-Ni alloy cylinder
(2.5 in mm height) to form a diffusion couple. All high
pressure anneals of alloys and couples were performed
under 2.2 GPa, in the high pressure cells shown in Fig.
1, in the same manner as reported in more detail [7–9].
Under a 2.2 GPa hydrostatic pressure generated by a
cubic anvil apparatus, Ti-11.81 and 15.06 at%Ni alloys
were annealed for 0.6 to 1.8 ks at temperatures from
1263 to 1423 K, and Ti/Ti-15.06 at%Ni and Ti/Ti-39.68
at%Ni diffusion couples were done for 3.6 to 28.8 ks at
temperatures from 1013 to 1248 K. The high pressure
annealed specimens were cooled faster than 50 K/s dur-
ing the first 10 s. The Ti-Ni alloys and diffusion couples
annealed under 0.1 MPa and 2.2 GPa were cut and em-
bedded in resin, and then metallographically polished
with emery paper and 0.05µm alumina powder. Intensi-
ties of the characteristic X-ray of Ni Kα were measured
with an electron probe microanalyzer and converted to

Figure 1 High pressure cell. A sample was equally pressed from its
vertical six directions and subjected to hydrostatic high pressure.
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T ABL E I Phase boundary concentrations in Ti/Ti-15.06 at%Ni diffu-
sion couple annealed for various time at 1123 K and 0.1 MPa

βTi/βTi + Ti2Ni
phase boundary

concentration (at%Ni)

Diffusion
time (ks)

αTi + βTi/βTi
phase boundary

concentration (at%Ni)

Diffusion profile
Diffusion
profile

Concentration
in βTi phase

3.6 3.38 7.61 7.72
14.4 2.83 7.53 7.55

115.2 3.12 7.73 7.75

Ni concentrations by comparing to the characteristic
peaks of Ti-3.00, 4.87, 7.41, and 33.64 at%Ni single
phase alloys rapidly cooled from 1223 K using the fol-
lowing equation proposed by Ziebold and Ogilvie [10,
11]:

(1 − X )/X = K (1 − I )/I (1)

I = (Imeasured − I0)/(INi − I0) (2)

where, X is the Ni mass fraction composition of Ni, K a
constant and I the relative intensity of Ni Kα radiation.
Imeasured is the measured Ni Kα intensity of a sample, INi
the intensity of pure Ni, and I0 the background intensity.
In the present experiment, K was 1.007.

It is very important to confirm that the Ni concentra-
tions at phase boundaries are independent of the anneal-
ing time. Tables I and II show the Ni concentrations at
the phase boundaries of αTi + βTi/βTi and βTi/βTi +
Ti2Ni in the Ti/Ti-15.06 at%Ni couple annealed for var-
ious times at 1123 K under 0.1 MPa and 2.2 GPa, re-
spectively. In the Ti-15.06 at%Ni alloy, the βTi and
Ti2Ni phases co-exist at the annealing temperature un-
der 0.1 MPa and 2.2 GPa, and the βTi/βTi + Ti2Ni
phase boundary concentrations were thus obtained both
from the diffusion profiles in the vicinity of the joint in-
terfaces between pure Ti and Ti-15.06 at% Ni alloy, and
from the concentrations of βTi phases equilibrated with
Ti2Ni phases in the central parts of Ti-15.06 at%Ni al-
loys. The two results are in good agreement, as shown in
Tables I and II. The phase boundary concentrations are
solely dependent on the pressure, and independent of
diffusion time. Thus, the authors established the Ti-Ni
phase diagrams by measurement of Ni concentration in
annealed diffusion couples and two-phase alloys. More-
over, Tables I and II show that the βTi phase region is
expanded by the application of 2.2 GPa because the Ni

T ABL E I I Phase boundary concentrations in Ti/Ti-15.06 at%Ni dif-
fusion couple annealed for various time at 1123 K and 2.2 GPa

βTi/βTi + Ti2Ni
phase boundary

concentration (at%Ni)

Diffusion ConcentrationDiffusion
time (ks)

αTi + βTi/βTi
phase boundary

concentration (at%Ni)

Diffusion profile profile in βTi phase

7.2 2.47 8.67 8.80
14.4 2.88 8.10 8.14
28.8 2.78 8.05 8.20

Figure 2 Diffusion profiles in Ti/Ti-15.06 at%Ni couple annealed for
148.8 ks at 1023 K and 0.1 MPa, and for 28.8 ks at 1023 K and 2.2 GPa.

concentration of the βTi/βTi + Ti2Ni phase boundary
is raised by the high pressure, whereas that of the αTi +
βTi/βTi phase boundary is lowered.

Fig. 2 shows the diffusion profiles in the Ti/Ti-15.06
at%Ni couples both annealed at 1023 K, one under
0.1 MPa, the other under 2.2 GPa. The βTi layer forms
at 2.2 GPa; it is not observed at 0.1 MPa where the
annealing temperature of 1023 K is lower than the tem-
perature of the eutectoid reaction βTi → αTi + Ti2Ni.
This means that the βTi phase is relatively stabilized by
the application of 2.2 GPa and the eutectoid reaction is
shifted to the lower temperature.

As seen in Fig. 2, the diffusion rates of Ni and Ti
atoms are much lower in αTi and Ti2Ni phases than
in βTi phase. Hence, the diffusion distances are cor-
respondingly shorter in the former two phases. The
diffusion distances in αTi and Ti2Ni phases are very
short in the annealed diffusion couples, and the αTi and
Ti2Ni phases occur in very low quantities in the equi-
librated alloys. Thus, the present work focuses on the
αTi/αTi + βTi and βTi/βTi + Ti2Ni phase boundary
concentrations.

Fig. 3 shows the Ti-rich part of the binary phase
diagrams at 0.1 MPa and 2.2 GPa obtained in this

Figure 3 Phase diagrams of binary Ti-Ni alloys at 0.1 MPa and 2.2 GPa:
(�), Two phase alloy annealed at 0.1 MPa; (�), Two phase alloy annealed
at 2.2 GPa; (◦), Diffusion couple annealed at 0.1 MP; (•), Diffusion
couple annealed at 2.2 GPa.
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work. The application of the high pressure (2.2 GPa)
shifts the αTi + βTi/βTi and βTi/βTi + Ti2Ni phase
boundaries to the Ti- and Ni-rich sides by about 0.2
and 1 at%Ni, respectively. The βTi region is thus ex-
panded. Based on the αTi + βTi/βTi and βTi/βTi +
Ti2Ni phase boundaries determined in this work, the
eutectoid point is extrapolated to be at 6 at%Ni and
1020 K under 2.2 GPa. Its Ni content is nearly equal
to that obtained under 0.1 MPa in the present study,
which is higher than the value reported by Murray
(4.5 at%Ni) [6]. The estimated eutectoid temperature
at 2.2 GPa is 18 K lower than that at 0.1 MPa ob-
tained in this work, which is equal to that determined
by Murray [6]. The application of 2.2 GPa raises the
solidus line by about 50 K. The point of intersection
of solidus line and βTi/βTi + Ti2Ni phase bound-
ary line suggest that the eutectic temperature and the
maximum solubility are 1276 K and 13.5 at%Ni at
2.2 GPa respectively. The estimated temperature is
61 K higher than the eutectc temperature at 0.1 MPa
(1215 K) [6]. The maximum solubility at 2.2 GPa
is also higher than that at 0.1 MPa (13 at%Ni) [6].
These results indicate that high pressure treatment en-
ables us to get single βTi phase alloys containing over
10 at%Ni, which do not exist in the equilibrium state at
0.1 MPa.
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