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Abstract: In the present work, the phase equilibria of the Ni-Ga-Cr ternary system at 850, 1000 and
1150 °C were experimentally investigated to provide the essential data for developing the high-
entropy shape memory alloys (HESMAs) containing Ni, Ga and Cr. At 850 °C, in the Ni-rich portion,
the B2 phase shows equilibrium with the L12 phase when the Cr content is less than 10.49 at. %, while
displaying the equilibrium with L12 and BCC phases when the Cr content increases. The B2 + L12 +
BCC changes into B2 + FCC + BCC three-phase equilibria from 850 to 1150 °C, as the L12 phase region
becomes narrow with rising temperature. The two-phase equilibrium, B2 + BCC, was found at all the
isothermal sections investigated. Other three-phase equilibria were also discovered: B2 + x-Cr3Ga
+ BCC and Ni2Ga3 + «-Cr3Ga + L at 850 °C, and B2 + «-Cr3Ga + L at 1000 °C. Significantly, an
athermal w intermetallic compound with the space group of P3m1 was observed distributing at the
B2 phase in the quenched Ni45.98-Ga25.50-Cr28.52, Ni42.23-Ga15.70-Cr42.07 and Nil6.54-Ga13.63-
Cr69.83 (at. %) alloys after being annealed at 1150 °C for 10 days. The high-resolution transmission
electron microscopy (HRTEM) results reveal that the w shows a crystallographic orientation of
[110]p2//[1120]w; (111) g,/ /(0001) , with the B2 parent phase.

Keywords: phase diagram; shape memory alloys; omega phase

1. Introduction

In recent years, the materials called high-entropy alloys (HEAs) [1,2] containing five or
more principle constituents with or near equiatomic ratio have attracted much attention due
to their good properties, including high melting points, good high-temperature strength,
attractive ductility, excellent wear resistance, good shape memory effect, etc. [3-9]. Among
the B2-based shape memory alloys, NiAl- and NiGa-based alloys attract much attention.
The NiGaCo [7], NiGaFe [8] and NiAlCo [7] systems are known as ferromagnetic shape
memory alloys. Moreover, Cr additions increase the martensitic transformation temperature
of CoNiGa B2 shape memory alloys [10]. Recently, a CoNiCuAlGaln high entropy shape
memory alloy has been developed successfully using a multi-component approach [9].
The CALPHAD method is a useful computational tool for the design of HEAs as it can
provide the necessary information, including equilibrium phases, phase composition,
transformation temperature, etc., through the thermodynamic database [11]. Therefore, we
have investigated the Ni-Ga-Cr ternary system to provide the essential experimental data
for establishing the thermodynamic database for developing the Ni, Ga and Cr incorporated
high-entropy shape memory alloys (HESMAs).

Figure 1 shows the three binary phase diagrams, Ni-Cr [12], Ni-Ga [13] and Cr-Ga [14]
constituting the Ni-Ga-Cr ternary system. Four kinds of intermetallic compounds, Ni3Ga,
Ni3Ga2, NiGa and Ni2Ga3, were reported in the Ni-Ga system at elevated temperatures.
The Ni3Ga is a L12-ordered phase, while the NiGa is a B2-ordered phase. No intermetallic
compound is seen in Ni-Cr system above 600 °C. The CrGa intermetallic compound with
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B2 structure was reported in the Cr-Ga system, and represented as CrGa, rather than B2
in the present work. Moreover, the Cr3Ga phase was discovered to show an allotropic
transformation from f3- to «-Cr3Ga, the former is a high-temperature phase, while the other
exists at a low-temperature range. To date, only a few studies have been conducted on
the Ni-rich portion of the Ni-Ga-Cr ternary system, and the studies are mainly related to
the influence of the Cr addition on the Ni3Ga phase, including solubility [15] and lattice
misfit [16]. Therefore, we tried to obtain the experimental information for the whole

isothermal section of the Ni-Ga-Cr ternary system for the establishment of the database of
HESMAs.
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Figure 1. Binary phase diagrams constituting the Ni-Ga-Cr ternary system, and the intermetallic
compounds are painted with color.

2. Experimental Details

The alloys weighing 20 g each were prepared from high purity Ni (99.99 wt. %), Cr
(99.995 wt. %) and Ga (99.9999 wt. %) by arc-melting under an argon gas atmosphere.
The alloy compositions with the atomic percentage are listed in Table 1. The plate-like
samples were cut from the ingots and then sealed in the glass capsule filled with argon
gas. The heat-treatments for the plate-like samples were performed at 850 °C for 60 days,
1000 °C for 35 days and 1150 °C for 10 days. The annealing time for the alloys containing
liquid phase was shortened to 2 h due to the high diffusion rate caused by the presence of
liquid phase. Cold rolling was performed on the alloy utilized for determining the phase
boundaries of the L12 and Ni-rich FCC phases before heat treatment. After heat treatments,
the annealed alloys were quenched in ice water. The annealed samples were polished by a
vibrating polishing machine filled with OP-S suspension for 14 h after the pre-polishing by
the abrasive paper with different numbers.
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Table 1. The measured chemical compositions of the equilibrium phase in the annealed alloys.
Alloys/at. % Equilibrium Phase (WDS) Composition/at. %
T/°C (EDS) " h b Phase 1 Phase 2 Phase 3
Cr Balance Phase 1 Phase 2 Phase 3 " Ga Ni Ga Ni Ga
Nil.34-Ga25.24 B2 x-Cr3Ga 42.66 52.1 0.67 22.46
Ni15.19-Ga14.09 B2 BCC 50.27  39.89 1.12 2.27
Ni50.48-Ga15.50 B2 L1, BCC 60.8 28.71 6744  20.12 1.54 0.19
Ni67.61-Ga27.87 L1, B2 7149  23.64 6398 3078
Nil4.47-Ga48.11 L a-Cr3Ga Ni,Gas 1513  70.53 0.05 2337 2981 5544
Ni39.91-Ga4.0 BCC FCC 1.81 0.03 59.66 6.6
Ni9.24-Ga20.81 BCC x-Cr3Ga B2 0.68 7.98 0.59 22.05 4488 4595
850 Ni40.02-Ga29.62 BCC B2 1.57 0.93 54.32 36.6
Ni66.27-Ga13.64 L1, FCC 69.86  16.97 65.5 12.75
Ni78.94-Ga18.02 FCC L1, 8213 13.63 77.84 1844
Ni60.30-Ga13.21 FCC BCC 61.87  12.63 2.65 0.1
Ni73.75-Ga15.99 FCC L1, 73.89 10.04 7513 1521
Ni33.23-Ga62.74 NiyGag L 4138 5749 1946  72.56
Ni6.52-Ga60.09 «-Cr3Ga L 0 22.95 7.89 74.9
Ni46.31-Ga25.36 B2 BCC 58.03  31.44 1.94 0.45
Nil8.11-Ga37.27 «-Cr3Ga B2 0.51 2221  36.78  47.61
Nil6.16-Gal4.37 BCC B2 1.38 3.23 4746  36.44
Ni50.20-Ga21.02 BCC FCC B2 2.38 0.65 5511  15.09  55.07 2691
Ni66.65-Ga28.55 L1, B2 7222 2284 6591 29.34
Ni10.70-Ga49.40 L ax-Cr3Ga 1776 65.28 0.08 22.88
Ni39.61-Ga4.82 BCC FCC 3.43 0.12 54.74 5.98
Ni7.46-Gal7.28 BCC B2 1.81 1176 4022 42.6
Ni42.63-Ga28.48 BCC B2 1.65 1.94 51.15 34
Ni4.82-Ga47.26 L a-Cr3Ga 10.67 68.6 0.11 22.8
Ni66.37-Ga13.04 FCC 66.37  13.04
1000 Nji74.57-Ga22.70 L1, 7457 227
Ni77.85-Gal8.47 FCC L1, 81.24 1427 7871  17.89
Ni58.65-Ga14.28 FCC 58.65  14.28
Ni44.19-Ga26.80 BCC B2 2.2 0.89 53.89  29.13
Ni32.70-Ga58.53 L B2 2741  60.59  40.54  53.51
Ni75.75-Ga18.44 L1, 75.75  18.44
Ni72.52-Ga19.79 L1, 72.52 19.79
Ni65.0-Ga20.0 L1, FCC 6845 21.02 6652  18.08
Ni65.0-Ga21.60 FCC B2 6464 1774 6204 2927
Ni26.55-Ga49.10 L a-Cr3Ga B2 24.66 58.9 0.25 2255 3533 4951
Ni19.16-Ga37.33 B-Cr3Ga L 3.21 16.37 2848 4574
B2 including
Nil16.54-Gal3.63 BCC tiny BCC 4.31 6.14 41.03 30.96
(EDS)
B2 including
Ni49.14-Ga21.94 tiny BCC FCC 50.02 25.3 50.62  15.65
(EDS)
Ni70.30-Ga24.02 B2 FCC 6793 2782 7257 1942
1150  Ni12.87-Ga53.65 L 12.87  53.65 0 0
Ni38.75-Ga4.69 BCC FCC 10.68 1.8 50.34 5.54
Nil2.17-Ga20.77 B-Cr3Ga L 3.83 12.43 34.6 43.26
Ni4.63-Ga43.05 L B-Cr3Ga 8.3 55.05 0.51 2291
Ni74.92-Ga22.46 L1, 7492 2246
Not Not Not Not
Ni42.23-Gal5.70 FCC B2 BCC 48.66 14.8 deter- deter- deter- deter-

mined

mined mined mined
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Table 1. Cont.
Alloys/at. % Equilibrium Phase (WDS) Composition/at. %
T/°C (EDS) " h b Phase 1 Phase 2 Phase 3
Phase 1 Phase 2 Phase 3

Cr Balance Ni Ga Ni Ga Ni Ga
Nil7.69-Ga18.96 BCC L 423 8.33 40.04  38.98
Ni74.93-Gal4.21 FCC 7493 1421
Ni67.03-Gal6.88 FCC 67.03  16.88

B2 including
Ni45.98-Ga25.50 tiny BCC 45.98 25.5
(EDS)

. B2 including
Ni57.25-Ga27.13 tiny BCC 5725 2713

. B2 including
Ni51.96-Ga32.25 tiny BCC 5196  32.25
Ni63.03-Ga22.96 FCC B2 6494 1758 62.6 27.18
Ni57.26-Ga19.50 FCC B2 58.59  16.68  57.72 26.2

B2 including
Ni7.40-Ga2.68 FCC tiny BCC BCC 4834 15.06 4542 2214 4.5 1.71
(EDS)
Nil2.60-Ga2.81 FCC BCC 4893  12.36 5.21 1.26
Ni49.74-Ga37.35 B2 49.74  37.35
Ni49.89-Ga42.38 B2 49.89  42.38
Ni49.97-Ga39.84 B2 4997  39.84
B2 including
Ni45.52-Ga34.92 tiny BCC 4552  34.92
(EDS)

Microstructure observations were conducted by field-emission scanning electron
microscopy (FE-SEM). Composition analyses were performed by X-ray energy dispersive
spectroscopy (EDS) and wavelength dispersive spectroscopy (WDS) equipped on a field-
emission electron probe microanalyzer (FE-EPMA). Liquid phases were measured by area
analysis of EDS. Ion-milling was introduced to prepare the samples for high-resolution
transmission electron microscopy (HRTEM) analyses. The HRTEM and electron back-
scattered diffraction (EBSD) equipped FE-SEM were adopted to identify the crystal structure
of the precipitates.

3. Results and Discussions
3.1. Microstructure Analyses and Phase Identifications

Figure 2a shows a three-phase equilibrium, B2 + «-Cr3Ga + BCC (Cr), in the Ni9.24-
Ga20.81-Cr69.95 (at. %) alloy annealed at 850 °C for 60 days. According to the compositional
analyses, the light contrast phase might be B2 phase with Ni and Ga rich, while the phase
with dark contrast might be a BCC phase with Cr rich. Figure 2b displays the morphology
of the B2 + BCC in the Ni46.31-Ga25.36-Cr28.33 alloy annealed at 850 °C for 60 days. The
BCC was found to be spherical in shape and exhibits dark contrast. Figure 2c shows the
microstructure of the Liquid (L) + Ni2Ga3 equilibrium obtained in the Ni33.23-Ga62.74-
Cr4.03 alloy annealed at 850 °C for 2 h. The coarse precipitates are confirmed to be Ni2Ga3
phase rather than B2 phase, as indicated by the EBSD result in the inset in Figure 2c, where
the Ni2Ga3 phase is represented by green color.

Figure 2d shows the microstructure obtained from the Ni44.19-Ga26.80-Cr29.01 alloy
annealed at 1000 °C for 35 days, where the phase with dark contrast is the BCC, while the
B2 shows a light contrast. Moreover, the very fine BCC precipitates with a spherical shape
are noted, as shown in the inset in Figure 2d. It is different from that of the alloy annealed
at 850 °C in which no tiny BCC is seen (Figure 2b). The presence of nano-scaled BCC might
be precipitated during the quenching of 1000 °C. Three-phase equilibrium, FCC + B2 +
BCC, was observed in the Ni50.20-Ga21.02-Cr28.78 alloy annealed at 1000 °C for 35 days,
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as shown in Figure 2e. The phase with dark contrast is BCC, while the B2 phase shows the
light contrast. Figure 2f shows the FCC + L12 (Ni3Ga-rich) microstructure obtained in the
Ni77.85-Ga18.47-Cr3.68 alloy after being annealed at 1000 °C for 35 days after cold rolling.
The coarsened FCC phases with the elongated shape are noted.
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Figure 2. Microstructures of: (a) Ni9.24-Ga20.81-Cr69.95 (at. %, 60 days), (b) Ni46.31-Ga25.36-28.33Cr
(60 days) and (c) Ni33.23-Ga62.74-Cr4.03 (2 h, the inset is the EBSD result) annealed at 850 °C, (d)
Ni44.19-Ga26.80-Cr29.01 (the inset is a high magnification image), (e) Ni50.20-Ga21.02-Cr28.78 and
(f) cold-rolled Ni77.85-Ga18.47-Cr3.68 annealed at 1000 °C for 35 days, (g) Ni7.40-Ga2.68-Cr89.92 (the
inset is high magnification image), (h) Ni45.98-Ga25.50-Cr28.52 (the insets are the microstructures
formed when annealed at 1150 °C for 24 h (upper) and 1135 °C for 10 days (lower)) and (i) Ni16.54-
Gal3.63-Cr69.83 annealed at 1150 °C for 10 days (the insets are the NiGa + BCC region (upper) and
the SAD pattern of fine precipitates (lower)).

Figure 2g shows the three-phase equilibrium among FCC, B2 and BCC phases in the
Ni7.40-Ga2.68-Cr89.92 alloy annealed at 1150 °C for 10 days, where the BCC phase shows
dark contrast, and grey FCC and light-contrast B2 phases are embedded in the BCC phase.
The nano-scaled cuboidal BCC precipitates, which are thought to precipitate during the
quenching process of the annealed sample, are seen to be distributed in the B2 phase, as
indicated in the inset in Figure 2g. It means the precipitation of BCC in the B2 phase is
too fast to be yielded by ice water quenching. The microstructure constituted of B2 and
BCC phases, where the BCC exhibits a cuboidal morphology, is observed in the Ni45.98-
Ga25.50-Cr28.52 alloy annealed at 1150 °C for 10 days, as shown in Figure 2h. Interestingly,
a similar microstructure was also observed in the alloy with the same composition when
the annealing time was decreased to 24 h, as shown in the upper inset in Figure 2h. It is
seen that the size of the cuboidal BCC phase changes very little between the short- (24 h)
and long-term (10 days) annealed alloys. Additionally, the lower inset in Figure 2h shows
the microstructure obtained from the Ni45.98-Ga25.50-Cr28.52 alloy annealed at 1135 °C
for 10 days, besides the large-scaled BCC phases, nano-scaled cuboidal BCC precipitates
are noted. Therefore, the cuboidal BCC phases seen in Figure 2h and its inset are believed
to be precipitated during the quenching process, and the Ni45.98-Ga25.50-Cr28.52 alloy
is believed to be a single B2 phase when annealed at 1150 °C. Figure 2i displays the B2 +
BCC equilibrium in the Ni16.54-Ga13.63-Cr69.83 alloy annealed at 1150 °C for 10 days. The



Materials 2022, 15, 7617

6 0f 9

coarse phase with dark contrast is the BCC phase. Moreover, the tiny cuboidal precipitates
(as seen in the upper inset in Figure 2i) embedded in the light contrast B2 phase were
confirmed to be BCC, as indicated by the SADP from [012] direction of the tiny precipitates
(the bottom inset in Figure 2i).

Figure 3a shows the microstructure of the cast Ni16.54-Ga13.63-Cr69.83 alloy, and
the BCC is suggested to precipitate from the molten alloy during the solidification first,
then, the remaining liquid reacts with the precipitated BCC to form the B2 phase through a
peritectic reaction. Moreover, during the cooling of the cast alloy, the tiny BCC phase starts
to precipitate from the B2 phase, as suggested in Figure 2g,h, that the precipitation of BCC
in B2 is very fast. Meanwhile, not like that in the annealed Ni16.54-Ga13.63-Cr69.83 alloy
where the tiny B2 phase is seen embedded in the large BCC phase (Figure 2i), no tiny B2
phase is seen in the large BCC phase in cast alloy (Figure 3a). Therefore, the tiny B2 phase
seen in the annealed Ni16.54-Ga13.63-Cr69.83 alloy is thought to form during the annealing
process. Figure 3b,c show the microstructures obtained from the Ni42.23-Gal5.70-Cr42.07
alloy under as-cast and after annealing at 1150 °C for 10 days. In the as-cast condition,
the dendrite-like FCC, B2 + BCC and FCC + BCC + B2 regions are observed, as seen in
the inset in Figure 3b. After annealing, the microstructure consists of large FCC and FCC
+ BCC + B2 regions, as seen in the inset in Figure 3c. In the FCC + BCC + B2 region
(Figure 3c), two kinds of BCC are observed, a large one and a small one. The cuboidal
BCC, which shows an edge length close to 500 nm, is believed to form during the annealing
process as the mean composition of this alloy is located at the three-phase region of FCC
+ BCC + B2 at 1150 °C, as indicated by Figure 2g. The very tiny BCC phase is found
to be distributed on the B2 phase and is thought to be precipitated during the ice water
quenching process. It is the same as that shown in Figure 2g-I, where the tiny BCC phase
is seen precipitated in the B2 phase. The co-existing FCC in the B2 phase in the matrix
indicates the improved ductility of this alloy. Furthermore, the observed cuboidal BCC was
discovered to coherently precipitate on the B2 matrix with cuboidal morphology.

Figure 3. Microstructures of (a) the as-cast Ni16.54-Ga13.63-Cr69.83 alloy, (b) as-cast and (c) annealed
Ni42.23-Ga15.70-Cr42.07 alloys (the insets are the images with low magnification). Annealing is
performed at 1150 °C for 10 days for Ni42.23-Ga15.70-Cr42.07 (at. %) alloys.

3.2. Observations of the w Phase

In the present work, an athermal w phase was observed in the quenched Ni45.98-
Ga25.50-Cr28.52, Ni42.23-Gal5.70-Cr42.07 and Nil6.54-Gal3.63-Cr69.83 alloys after anneal-
ing at 1150 °C for 10 days. The details related to the former two alloys will be presented in
this part. It is now believed that the ordering of the w phase is inherently derived from its
parent phase [17-24]. For the ordered B2 parent, the w phase becomes inherently ordered
and is classified into hexagonal (P63/mmc) and trigonal (P3m1) crystal structures. The
P63/mmc is formed during the aging process, while the P3m1 is usually found in the
as-quenched alloys.

The diffuse streaking is seen in the selected-area diffraction (SAD) pattern obtained
from the matrix in the quenched Ni45.98-Ga25.50-Cr28.52 alloy after being annealed at
1150 °C for 10 days, as shown in Figure 4a, and is a typical phenomenon of the presence of a
diffuse w structure. Four w variants are noted and found to be in the space group of P3m1
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due to the presence of (0001) ,, diffraction (the very weak spot located at %(ﬁl) o position
in Figure 4a), which is forbidden for the P63 /mmc space group. The observed w phase
shows a crystallographic orientation of [110],//[1120] ,; (111),//(0001) ,, with parent
phase B2. Moreover, it is reasonable to understand the appearance of P3m1 rather than the
P63 /mmc space group as the ice water quenching was performed after the annealing of
the Ni45.98-Ga25.50-Cr28.52 alloy at 1150 °C. Figure 4b shows the HRTEM result obtained
from the FCC + BCC + B2 region (Figure 3c) in the quenched Ni42.23-Gal5.70-Cr42.07
alloy after annealing at 1150 °C for 10 days. No FCC is identified due to the very small
region observed. The BCC phase, w with P3m1 space group, and the remaining B2 phases
are identified, as suggested in Figure 4c—e obtained, respectively, from the regions 1-3 in
Figure 4b using the Fast Fourier Transform (FFT) method.

Figure 4. (a) Selected-area diffraction (SAD) pattern obtained from the matrix in the quenched
Ni45.98-Ga25.50-Cr28.52 alloy after annealing at 1150 °C for 10 days. (b) High-resolution transmission
electron microscopy (HRTEM) image obtained from the quenched Ni42.23-Ga15.70-Cr42.07 alloy
after annealing at 1150 °C for 10 days. (c—e) Fast Fourier Transforms (FFTs) of regions 1, 2 and 3 in (b).

3.3. Determination of the Phase Boundary

All the compositions measured for the phases in the annealed alloys using EPMA
and HRTEM are listed in Table 1, where Cr is selected as the balance element, and the
constructed three isothermal sections of the Ni-Ga-Cr ternary system at 850, 1000 and
1150 °C are shown in Figure 5a—c. The three-phase regions are represented by triangles.

= Single phase

o Two-phase equilibrium
A Three-phase equilibrium
o Binary data

(¢) 1150 'C

Undetermined
~ three-phase equilibrium
Y. Determined

=3\ = ¥ =
T S
Ni 02 03 04 05 06 07 08 i 2 : % Ni 02 03 04 05 06 07 08 Cr
Cr, at % L at % Cr, at %

Figure 5. (a—c). Constructed isothermal sections of the Ni-Ga-Cr ternary system at 850 (a), 1000 (b)
and 1150 °C (c).

At 850 °C, as seen in Figure 5a, seven three-phase equilibrium regions are indicated.
The CrGa + L + x-Cr3Ga, L12 + Ni3Ga2 + B2 and FCC + L12 + BCC regions are suggested
to be very small. The solubility of Cr in L12 was measured as 13.17 at. %. The occupation of
Cr in the L12 phase changes from Ga to Ni sites with the increasing Cr content. Moreover,
the solubility of Ga in the FCC phase decreases first and then increases with increasing
Cr content. The Ni shows very little solubility in the x-Cr3Ga intermetallic compound.
Four three-phase regions, B2 + L + «-Cr3Ga, B2 + BCC + «-Cr3Ga, B2 + L12 + FCC and
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B2 + BCC + FCC were found at 1000 °C, as displayed in Figure 5b. The solubility of Cr in
L12 decreases to 10.53 at. % compared with that at 850 °C. The B2 phase shows a larger
solubility to Cr compared with that at 850 °C. The Ga solubility in the FCC phase changes
with increasing Cr content and shows a similar trend as that which acts at 850 °C. Only
the B2 + FCC + BCC three-phase region is observed due to the very narrow range of the
other three three-phase regions (L + 3-Cr3Ga + BCC, B2 + L + BCC and B2 + FCC + L12)
at 1150 °C, as shown in Figure 5c. The solubility of Cr in B2 is increased compared with
that in the lower temperatures (850 and 1000 °C), and found to be about 32.44 at. %. The
solubility of Ni in Cr3Ga increases when the allotropic transformation from «- to 3-Cr3Ga
has happened.

4. Conclusions

In the present work, the Ni-Ga-Cr ternary system was investigated experimentally by
FE-EPMA, HRTEM, FE-SEM and EBSD. Three isothermal sections at 850, 1000 and 1150
were determined. The details are as follows:

(1) A trigonal intermetallic compound w with the space group of P3m1 was observed
in the matrix in the water-quenched Ni45.98-Ga25.50-Cr28.52, Ni42.23-Gal5.70-Cr42.07
and Nil6.54-Ga13.63-Cr69.83 alloys after annealing at 1150 °C for 10 days, and shows a
crystallographic orientation of [110]p//[1120]w; (111)5,//(0001), with the B2 parent
phase.

(2) The precipitation of BCC on the B2 phase was found to be very fast and cannot
be suppressed by ice water quenching. In the Ni42.23-Ga15.70-Cr42.07 alloy annealed at
1150 °C for 10 days, the FCC was found to co-exist with the B2 phase in the matrix, thus
the improved ductility of this alloy is suggested. Moreover, the observed cuboidal BCC
was discovered to coherently precipitate on the B2 matrix with cuboidal morphology in
this alloy.

(3) The solubility of Cr in B2 was found to increase with the rising temperature. The
solubility of the Ni in the Cr3Ga phase increases when the allotropic transformation from
a- to 3-Cr3Ga has happened. The solubility of Cr in the L12 phase decreases from ~13.17
to 10.53 at. % when the temperature rises from 850 to 1000 °C.

(4) Three-phase equilibria, L12 + B2 + BCC, B2 + «-Cr3Ga + BCC and Ni2Ga3 +
a-Cr3Ga + L, were discovered at 850 °C. At 1000 °C, the three-phase equilibria close to
the Ni-rich region become L12 + B2 + FCC and B2 + FCC + BCC. The B2 + FCC + BCC
three-phase equilibrium was discovered at 1150 °C.
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