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Abstract The phase equilibria in the Ni-Al-Bi ternary
system at 800 and 1000 °C were experimentally deter-
mined by x-ray diffraction and electron probe microanal-
ysis. The results show that: Bi is almost insoluble in any
Ni-Al compounds and (Ni) phase. There are five and four
three-phase regions existing in the isothermal section at
800 and 1000 °C, respectively. The Ni-Al binary com-
pounds are all in equilibrium with the liquid phase in these
two isothermal sections. No ternary compound was found
at 800 and 1000 °C.

Keywords isothermal section - Ni-Al-Bi ternary system -
phase equilibrium

1 Introduction

With the deterioration of the environment and the
increasing depletion of fossil fuels, hydrogen energy is
receiving close attention as a clean and pollution-free
energy source. Al-based alloys have been widely used due
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to their low cost, high hydrogen production, and environ-
mental protection. Aluminum and its alloys are recognized
to be one of the most suitable metals applicable for future
hydrogen production."' ™ According to previous studies,
adding one or two low melting point metals,* >! oxides!'® 7!
and salts'™ °! is one of the methods to activate metallic
aluminum. Al-based alloys ball milled with low-melting-
point metals,[m] active metals''!! and other additives''?!
have good hydrogen production performance. The Al-Bi
binary system is monotectic and there is a miscibility gap
in the system. During the gas atomization process, the
liquid phase separated into two phases (the Bi-rich liquid
phase and the Al-rich liquid phase) during the cooling
process, which will greatly promote the hydrolysis per-
formance of aluminum.''¥ In addition, the addition of Ni
can significantly improve the production of hydrogen in
Al-H,O reaction."'*!

The three binary phase diagrams of Ni-Al!"”! Ni-Bjl'®!
and Al-Bi!'” constituting the Ni-Al-Bi ternary system are
shown in Fig. 1 and the information of stable solid phases
and their crystal structures in three binary systems are
summarized in Table 1. Okamoto et al.'® plotted the
complete Ni-Al binary phase diagram. Peng et al.l'®
evaluated thermodynamic assessments for the Ni-Al binary
system. The Ni-Bi subsystem is relatively simple, with no
intermetallic compounds at 800 and 1000 °C. Vassilev
et al.l"> 21 optimized the Ni-Bi binary system. For the Al-
Bi subsystem, Mirkovic et al.'*'! revised the experimental
data available. Liu et al.”**! further conducted a thermo-
dynamic evaluation on the Al-Bi binary system and found
no intermetallic compounds in this binary system.

Although there have been many investigations of the
above subsystems, there is no information about Ni-Al-Bi
ternary system in the relevant literature. The Ni-Al-Bi
ternary system is an important subsystem of Al-based
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Fig. 1 Binary phase diagrams
constituting the Ni-Al-Bi
ternary system“s’m
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Table 1 Crystal structure data .
of the stable solid phases in the System Phase Pearson Prototye Space Strukturbericht Ref.
. symbol group
three-binary system
Ni-Al AlNi; cP4 AuCu; Pmm Ll, 15
A13Ni5 oCl6 Ga3Pt5 Cmmm 15
AINi cP2 CsCl Pmm B2 15
Al3Ni, hP5 Al;3Ni, P—3ml D53 15
AL3Ni oPI6 Fe;C Pnma D0, 15
Ni-Bi (Ni) cF4 Cu Fmm Al 16
NiBi hP4 NiAs P65/mmc BS,; 16
NiBis oPl16 CaLiSi, Pnma D%, 16
Al-Bi (Al) cF4 Cu Fmm Al 17
(Bi) hR2 aAs R—3m A7 17

hydrogen production materials and studying its phase
equilibria is very useful for the design of hydrogen pro-
duction components. Hydrogen production experiments or

2 Experimental Procedure

The phase relationship of the Ni-Al-Bi ternary system was

other experiments often need to be performed at high
temperatures. Therefore, it is necessary to obtain the phase
equilibrium information at high temperature, which will
provide a theoretical basis for the thermodynamic calcu-
lation of the Ni-Al-Bi ternary system. The main objective
in the present work is to establish the isothermal section of
Ni-Al-Bi ternary system at 800 and 1000 °C.

@ Springer

deduced by studying the phase composition of the alloys.
The compositions of ternary alloys were determined
according to the binary phase diagram. Pure metals, nickel
(99.9 wt.%), aluminum (99.9 wt.%) and bismuth (99.9
wt.%), were used as raw materials and the bulk buttons
were prepared by arc melting under high purity argon
atmosphere, using a non-consumable tungsten electrode.
The mass of each sample was about 15 g. To achieve



J. Phase Equilib. Diffus. (2021) 42:321-328 323
Table 2 Equilibrium composition of the Ni-Al-Bi ternary system at 800 °C determined in the present work
Alloy Composition, at.% Annealed time, day Phase equilibria Composition, at.%
Phase 1/ Phase 2/Phase 3 Phase 1 Phase 2 Phase 3

Al Bi Al Bi Al Bi
NiyAl;0Bio 1 AL3Ni/L;(Al-rich)/L;(Bi-rich) 75.5 0.0 95.7 0.3 0.4 97.2
Niy;Al74Bis 1 AL3Ni/L;(Al-rich)/L;(Bi-rich) 75.3 0.0 96.1 0.2 1.0 98.2
Ni;6Alg;Bij 1 AL3Ni/L,(Al-rich)/L;(Bi-rich) 75.7 0.0 96.9 0.2 0.8 97.8
Nijz; AlgeBis 3 Al3Niy/AlNi/L; (Bi-rich) 62.3 0.0 75.8 0.0 0.6 94.0
Ni,;Al;;Bi, 3 Al3Niy/Al;Ni/L; (Bi-rich) 62.0 0.0 75.5 0.0 0.4 92.5
Ni3sAlssBig 3 Al3Niy/AlNi/L; (Bi-rich) 62.3 0.0 75.5 0.0 0.3 93.6
NijoAlsgBis 3 Al3Niy/L, (Bi-rich) 60.8 0.0 0.5 91.1
Niy3Al36Bing 7 AINi/L(Bi-rich) 46.0 0.3 0.4 90.7
NisyAl34Big 7 AINi/L(Bi-rich) 39.9 0.1 0.8 81.4 . .
Nig;AlyBig3 7 AINi3/AINi/L,(Bi-rich) 28.0 0.0 37.6 0.3 0.5 79.1
Nig3Al;3Biy 7 (Ni)/AINis/L(Bi-rich) 11.6 0.1 22.4 0.0 0.2 72.1
Nig4Al;Bij3 7 (Ni)/L;(Bi-rich) 32 0.0 0.2 71.8

homogeneity, the ingots were turned over and remelted at
least five times.

The molten alloys were cut into small pieces, and then
put into an alumina crucible to prevent the sample from
contacting and reacting with the glass tube, and then sealed
in a quartz tube with a small amount of titanium chips to
prevent the samples from oxidizing during heating in a
gradient furnace. Specimens were annealed at 800 and
1000 °C for different times. The annealing time depended
on the annealing temperature and the composition of
specimens. At the end of the heat treatment, the samples
reaching phase equilibria were quenched into iced water
for subsequent sample characterization analysis.

After standard metallographic preparation, the
backscatter electron (BSE) and the composition analysis of
each equilibrium phase were carried out by electron probe
microanalysis (EPMA, JXA-8100, JEOL, Japan). High
purity metals were used as standard, and the measurements
were carried out at a voltage of 20kV and a current of
1.0x10® A. Energy Dispersive Spectrometry (EDS) was
used to determine the compositions of the liquid phase. The
liquid phase was measured by EDS analysis at least 12
times. The average value was taken as the result. The
crystal structure analysis was conducted using x-ray
diffraction (XRD) on a Philips Panalytical X-pert diffrac-
tometer (Cu Ko radiation at 40 kV and 40 mA). The data
were collected in the range of 20 from 10° to 90° at a step
size of 0.01°.

3 Result and Discussion
3.1 Phase Equilibria at 800 °C

To determine the isothermal section of the Ni-Al-Bi ternary
system at 800 °C, a total of 12 alloys were prepared. The
equilibrium composition of each phase is shown in Table 2.
All the mentioned chemical compositions in this work were
given in the form of an atomic fraction (at.%). The L,(Bi-
rich) and L,(Al-rich) mentioned in this work represent the
liquid phase of Bi and the liquid phase of Al, respectively.
The different phases in the alloy can easily be distinguished
by studying the morphology, contrast, and chemical com-
position of the alloy. In most cases, observations using
EPMA coupled with EDS analyses are sufficient to identify
most of the equilibrium phases. However, the relevant
x-ray diffraction patterns were analyzed for the final
identification of the phases./**! Typical BSE images and
x-ray diffraction patterns of the Ni-Al-Bi equilibrated
alloys quenched from 800 °C are shown in Fig. 2 and 3,
respectively.

A BSE image of the alloy NiypAl;oBi;o annealed at 800
°C is presented in Fig. 2(a), showing three-phase co-exis-
tence of L(Bi-rich) (white) + L,(Al-rich) (black) + Al;Ni
(gray). The x-ray diffraction pattern of NiygAl;oBijo can
further confirm the three-phase equilibrium state of the
alloy, which is shown in Fig. 3(a). At 800 °C, the L,(Bi-
rich) phase and L,(Al-rich) phase are both liquid phases,
which are obtained during the quenching process. Because
Al-Bi binary system is monotectic with a miscibility gap,
the liquid phase is separated into two phases during
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Fig. 2 BSE images of typical
Ni-Al-Bi ternary alloys:

(a) NipypAlyoBij( alloy annealed
at 800 °C for 1 day;

(b) Ni; AlggBi3 alloy annealed
at 800 °C for 3 days;

(C) Ni54A134Bi12 alloy annealed
at 800 °C for 7 days;

(d) Nig;Aly¢Bi3 alloy annealed
at 800 °C for 7 days
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Fig. 3 X-ray diffraction patterns obtained from: (a) NipAl,(Bi;( alloy annealed at 800 °C for 1 day; (b) Ni3; AlesBi; alloy annealed at 800 °C for

3 days; (c) NigAly¢Bi;; alloy annealed at 800 °C for 7 days

quenching, namely the L;(Bi-rich) and the L,(Al-rich).
Due to the presence of two liquid phases, the deviation of
EPMA detection is relatively large. Therefore, for the
accuracy of the experiment, three alloys of different com-
positions were melted in this three-phase region. The
detection results are shown in Table 2, taking the average
value as the result.

In the Ni3; AlgeBis alloy annealed at 800 °C, the three-
phase equilibrium of L (Bi-rich) (white) + Al;Ni (black) +
AL;Ni, (gray) is identified, as shown in Fig. 2(b). The
corresponding x-ray diffraction pattern is shown in
Fig. 3(b). Three alloys with different components were also
melted in this phase region for the accuracy of the exper-
iment, and the test results were not much different. In
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Fig. 2(c), there is a two-phase microstructure of L(Bi-rich)
(white) + AINi (black) in alloy NissAl34Bij, that was
annealed at 800 °C. The three-phase microstructure con-
sisting of L;(Bi-rich) (white) + AINi (black) + AINi;
(gray) is observed in the Nig; Al,¢Bi;3 alloy annealed at 800
°C, and the x-ray diffraction results show very good con-
sistency in Fig. 3(c).

Based on the above experimental data, the 800 °C
isothermal section diagram was established, which is
shown in Fig. 4. Four three-phase regions of (Ni) + AlNi;
+ L;(Bi-rich), AINi; + AINi + L;(Bi-rich), Al3Ni, +
Al3Ni + Li(Bi-rich) and Al3Ni + L;(Bi-rich) + L,(Al-
rich) were experimentally determined at 800 °C, and they
were marked with different symbols. An undetermined
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Fig. 4 Experimentally
determined isothermal section
of the Ni-Al-Bi system at
800 °C
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Table 3 Equilibrium composition of the Ni-Al-Bi ternary system at 1000 °C determined in the present work

Alloy composition, at.% Annealed time, day

Phase equilibria

Composition, at.%

Phase 1/ Phase 2/ Phase 3 Phase 1 Phase 2 Phase 3
Al Bi Al Bi Al Bi
Nijy,Aly;Biy 1 Al3Ni,/Ly(Al-rich)/L(Bi-rich) 61.0 0.0 93.6 0.2 0.4 96.1
Ni;3AlgsBis 1 AL3Niy/Ly(Al-rich)/L(Bi-rich) 61.3 0.0 96.3 0.3 0.2 98.1
NioAls4Big 3 Al3Niy/L;(Bi-rich) 60.6 0.0 0.5 93.6
Niy3Al5;3Biy 7 AINi/L,(Bi-rich) 55.5 0.0 0.3 91.9
NiseAlyoBiy 7 AINi/L,(Bi-rich) 41.6 0.0 0.2 87.7
NisgAlz,Big 7 AINi/L,(Bi-rich) 37.2 0.0 0.6 84.6 . ..
Nig;Al3oBis 7 AINis/AINi/L,(Bi-rich) 27.6 0.2 36.7 0.0 0.8 82.1
NigyAl,gBi> 7 (Ni)/AINis/L(Bi-rich) 14.5 0.0 23.5 0.0 0.3 75.5
NigeA 1¢Big 7 (Ni)/L;(Bi-rich) 7.1 0.0 0.2 69.2

three-phase region of AINi + Al3Ni, + L;(Bi-rich) is
indicated by dashed lines. The maximum solubility of Al in
the L, (Bi-rich) phase was measured to be about 1 at.%, and
the solubility of Bi in the L,(Al-rich) phase was measured
to be about 0.3 at.%. Bi is almost insoluble in other Ni-Al
compounds and (Ni) phase.

3.2 Phase Equilibria at 1000 °C

In the present study, a total of 9 samples with different
composition were prepared in order to determine the phase
equilibria at 1000 °C in the Ni-Al-Bi ternary system. The
equilibrium composition of each phase was shown in
Table 3. BSE images and x-ray diffraction patterns for
most of the Ni-Al-Bi ternary specimens are shown in Fig. 5
and 6, respectively.

@ Springer
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Fig. 5 BSE images of typical
Ni-Al-Bi ternary alloys:

(a) Niz3AlgsBi; alloy annealed
at 1000 °C for 1 day;

(b) NiyAlsyBig alloy annealed
at 1000 °C for 3 days;

(c) NiggAl,gBi, alloy annealed
at 1000 °C for 7 days;

(d) NiggAlgBig alloy annealed at
1000 °C for 7 days
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Fig. 6 X-ray diffraction patterns obtained from: (a) Niz;Alg4Bis alloy annealed at 1000 °C for 1 day; (b) NigoAls4Big alloy annealed at 1000 °C
for 3 days; (c) NigpAl;gBi, alloy annealed at 1000 °C for 7 days

Figure 5(a) illustrates that a three-phase equilibrium of  phase equilibrium in alloy NiypAls4Big. As shown in
L,(Bi-rich) (white) 4+ L,(Al-rich) (black) + Al;Ni, (gray) Fig. 5(c, a) three-phase equilibrium of L;(Bi-rich) (white)
exists in alloy Niz3AlgyBi; annealed at 1000 °C. The x-ray + AINi (black) + (Ni) (gray) was discovered in the alloy
diffraction patterns analysis further matches up with them,  NigyAl;gBi,. The x-ray diffraction results show very good
as shown in Fig. 6(a). To further prove the accuracy of the  consistency in Fig. 6(c).
data, another alloy composition was selected in this three- Based on the EPMA analyses and the x-ray diffraction
phase region. The results obtained by these two alloys are  pattern of the above-mentioned alloys, the phase diagram
similar, and the average value is taken as the result on the  of the Ni-Al-Bi ternary system at 1000 °C is determined as
isothermal section. Two two-phase microstructures of  shown in Fig. 7. Three three-phase regions of (Ni) + AINi;
Al3Ni, (gray) +L;(Bi-rich) (white) and (Ni) (gray) +  + L;(Bi-rich), AINi; 4+ AINi + L;(Bi-rich) and Al3Ni, +
L;(Bi-rich) (white) were found in alloys NigoAls4Big and  L;(Bi-rich) 4+ L,(Al-rich) were obtained. Like 800 °C, the
NigeAlgBig, respectively Fig. 5(b,d). The x-ray diffraction  three-phase region of AINi 4+ Al3Ni, + L;(Bi-rich) was not
pattern shown in Fig. 6(b) confirms that there is a two-  determined by the designed alloys. From Fig. 7, the L,(Bi-
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Fig. 7 Experimentally
determined isothermal section
of the Ni-Al-Bi system at
1000 °C

(Ni) AINi3

rich) phase is in equilibrium with all phases of Ni-Al binary
system, and Bi is almost insoluble in any Ni-Al compounds
and (Ni) phase.

4 Conclusion

1. The isothermal sections of the Ni-Al-Bi ternary system
at 800 and 1000 °C were experimentally determined.
There are five and four three-phase regions existing at
800 and 1000 °C, respectively. No ternary compound
is found.

2. The Al-Bi binary system is monotectic with a misci-
bility gap, and the liquid phase is separated into L,(Bi-
rich) phase and L,(Al-rich) phase during quenching.

3. The solid solubility of Bi in Ni-Al binary compounds is
very small.

4. The Ni-Al compounds are all in equilibrium with the
L,(Bi-rich) phase in these two isothermal sections.
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