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The isothermal section of the Zn-Bi-Ni ternary system at 450 �C was determined experimentally
using the equilibrated alloys approach. The specimens were investigated by means of optical
microscopy, scanning electron microscopic/energy-dispersive spectrometric analysis and x-ray
diffraction. Six three-phase regions exist in this isothermal section. The L-Bi phase is in equi-
librium with all phases of Ni-Zn binary system except the a-Ni phase. Experimental results
indicate that the third element, Zn or Bi, is almost insoluble in the Bi-Ni or Ni-Zn intermetallic
compounds.
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1. Introduction

The hot-dip zinc coatings have been used for protection
of steel and iron substrates from corrosion for almost a
century.[1-3] However, galvanizing Si-containing steels is
still a technical challenge. Silicon is introduced into steels
either as a deoxidant or as an alloying element. In general
galvanizing, silicon in steel gives rise to dull gray coatings
with excessive thickness. The coatings adhere poorly to the
steel. This phenomenon is referred to as Si reactivity or
Sandelin effect has been studied extensively.[4-6] A practical
solution to this problem is galvanizing the steels in alloyed
baths. The primary alloying elements used in the galvaniz-
ing industry are Al[7] and Ni.[8]

In addition, Pb is added traditionally in the galvanizing
bath. Pb has a beneficial effect on zinc drainage when the
substrate is withdrawn from the melt, because it lowers the
surface tension of the liquid zinc. Hence, zinc consumption
is reduced and the galvanizing process becomes more
economical. But Pb is unfriendly to the environment.[9] It
has been reported[10,11] that Bi has the same beneficial
effect. So Bi is considered as an excellent alternative of Pb
to improve bath fluidity.

The synergistic effect of Ni and Bi on the Fe-Zn
reactivity was studied.[12,13] The information of phase
equilibria in the Zn-Bi-Fe-Ni quaternary system, especially
in the Zn rich corner, at the temperature relevant to hot-dip
galvanizing is very important to the galvanizing industry.
The purpose of the present study is to experimentally

determine the Zn-Bi-Ni isothermal section at 450 �C and
prepare for studying the Zn-Bi-Fe-Ni quaternary system.

The Zn-Bi-Ni ternary system has three well studied
binary systems. Researchers have studied the Bi-Zn system
through different methods.[14-20] The phase diagram is
uncommon because the miscibility gap is flat and asym-
metric. The experiential data concerning the miscibility gap
show large variation.

The Ni-Zn binary system has been experimentally
determined and thermodynamically assessed by different
researchers.[21-23] There are five phases in this system at
450 �C, namely a-Ni (0 to 32.1 at.% Zn), b1 (44.8 to
52.1 at.% Zn), c (72.6 to 84.3 at.% Zn), d (88.2 at.% Zn)
and L (99.1 to 100 at.% Zn). The composition ranges are
evaluated values.

The Bi-Ni binary system has two intermetallic com-
pounds, NiBi3 and NiBi, at 450 �C. All researchers agree
that NiBi3 is stoichiometric while NiBi exhibits a small
homogeneity region. Researchers suggested different homo-
geneity ranges as 46.3-44.3 Bi at.%,[24] 48.8-45.2
Bi at.%,[25] 50.9-51.2 Bi at.%.[26] Vassilev et al.[27] exper-
imentally determined and assessed this system recently.
Their EPMA results showed the composition range was
50.5 to 51.5 Bi at.%.

Crystallographic data of the binary compounds in the
Zn-Bi-Ni ternary system are listed in Table 1.[24,28-31].
There is no information about phase equilibria of the
Zn-Bi-Ni ternary system in the literature. In the present
work, the isothermal section of the Zn-Bi-Ni system at
450 �C was determined experimentally. The boundaries of
the phase diagram were based on the information of the
Ref 16,22,27.

2. Experimental Procedure

The design compositions of the alloys are listed in
Table 2 (Column 2). The purity of the starting materials is
all 99.99%. Samples were prepared by carefully weighing
the Ni powders, Zn blocks and Bi pellets, 5 g in total for
each sample. All masses were weighed to an accuracy of
0.0001 g.
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Each alloy mixture was put in quartz tube, rinsed three
times with pure argon, and sealed under vacuum of 0.01 Pa.
Then it was heated to 1100 �C and kept at this temperature

for 30 h, followed by quenching in water using a bottom-
quenching technique[32] to minimize Zn loss and reduce
sample porosity. The quenched samples were sealed again

Table 1 Crystallographic data of the binary compounds in the Zn-Bi-Ni ternary system

Compound Structure type Space group

Lattice parameters, Å

Referencea b c

NiBi NiAs P63/mmc 4.080 5.365 [24]

NiBi3 CaLiSi2 Pnma 8.884 4.101 11.485 [28]

NiZn (b1) AuCu P4/mmm 3.898 3.1927 [29]

NiZn3 (c) NiZn3 Ab2m 33.32 8.869 12.49 [30]

NiZn8 (d) NiZn8 C2/m 13.37 7.47, b = 111.3� 7.65 [31]

Table 2 The designed alloys and corresponding phase composition (all in at.%)

No. Designed composition Phase Zn Ni Bi

A1 92Zn-2Ni-6Bi L-Zn 98.0 0.4 1.6

L-Bi 23.6 0 76.4

d 87.3 12.7 0

A2 92Zn-4Ni-4Bi L-Zn 97.1 0.9 2.0

L-Bi 25.5 0 74.5

d 87.2 12.8 0

A3 92Zn-6Ni-2Bi L-Zn 96.7 1.4 1.9

L-Bi 26.5 0 73.5

d 87.3 12.7 0

A4 85Zn-13Ni-2Bi L-Bi 15.0 0.4 84.6

c 81.7 18.3 0

d 85.4 14.6 0

A5 85Zn-11Ni-4Bi L-Bi 14.9 0.3 84.8

c 84.8 15.2 0

d 86.2 13.8 0

A6 85Zn-8Ni-7Bi L-Zn 96.5 2.0 1.5

L-Bi 25.8 0 74.2

d 86.8 13.2 0

A7 85Zn-5Ni-10Bi L-Zn 97.1 1.2 1.7

L-Bi 25.7 0 74.3

d 87.5 12.5 0

A8 85Zn-2Ni-13Bi L-Zn 97.5 0.5 2.0

L-Bi 24.7 0 75.3

d 87.4 12.6 0

A9 70Zn-20Ni-10Bi L-Bi 4.8 1.9 93.3

c 72.4 27.6 0

A10 58Zn-32Ni-10Bi L-Bi 3.5 2.3 94.2

b1 51.2 48.8 0

c 69.7 30.3 0

A11 42Zn-48Ni-10Bi b1 47.3 52.7 0

NiBi3 0 25.1 74.9

A12 10Zn-54Ni-36Bi a-Ni 31.2 68.8 0

b1 44.5 55.5 0

NiBi 0 47.6 52.4

A13 10Zn-42Ni-48Bi NiBi 0 47.1 52.9

b1 47.2 52.8 0

NiBi3 0 24.8 75.2

A14 5Zn-10Ni-85Bi L-Bi 0.2 8.5 91.3

b1 49.9 50.1 0

NiBi3 0 24.9 75.1
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individually in evacuated quartz tubes, and annealed at
450 �C for 30 days to ensure the establishment of equilib-
rium state. The treatment was completed with rapid water
quenching to preserve the equilibrium state at 450 �C.

The specimens were prepared in the conventional way
for microstructure examination using both optical and
scanning electron microscopes (SEM). A nital solution
was used for revealing the microstructures of the samples.
A JSM-6360LV scanning electron microscope (SEM)
equipped with an OXFORD INCA energy dispersive
x-ray spectroscope (EDS) was utilized in studying the
morphology and chemical compositions of various phases in
the samples. The phase makeup of the alloys was further
determined by analyzing x-ray diffraction patterns generated
by a D/max-rA x-ray diffractometer, operating at 50 kV and
100 mA with Cu Ka radiation.

Fig. 1 The microstructure (a) and the x-ray diffraction pattern
(b) of A2. Three phases, the L-Zn, L-Bi and d co-exist in this
alloy

Fig. 2 The microstructure (a) and the x-ray diffraction pattern
(b) of A4. They indicate the L-Bi, c and d phases co-exist in this
alloy

Fig. 3 The microstructures of A9. L-Bi + c two-phase equili-
brated state
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Fig. 4 The microstructures of A11. It consists of b1 and NiBi3
phases

Fig. 5 The microstructures (a) and the x-ray diffraction pattern
of A10. It consists of the b1, c and L-Bi phases

Fig. 6 The microstructures (a, annealed for 30 days and b,
annealed for 60 days) and the x-ray diffraction pattern (c) of
A12. The b1, NiBi and a-Ni three phases co-exist in this alloy.
In (a), the composition of the a-Ni phase at the center (a) and
boundary (b) are Zn18.1Ni81.9 and Zn31.5Ni68.5, respectively
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3. Results and Discussion

The phases that appeared in an alloy could be easily
differentiated based on the morphology, color, and chemical
composition. In most case, the results obtained from SEM-
EDS analysis are sufficient for phase identification; how-
ever, the true identities of the phases were confirmed by
analyzing the relevant x-ray diffraction patterns. All phases
found in the alloys are listed in the Table 2 (Column 3)
together with the chemical compositions determined by the
SEM-EDS in BSE model (Column 4, 5, and 6). The
compositions reported are the averages of at least 5
measurements. The phases of the alloys are confirmed by
analyzing the relevant XRD patterns.

SEM-EDS analyses indicate that the microstructure
of alloys A1-A3 and A6-A8 corresponded to the (L-Zn +
L-Bi + d) three-phase equilibrium state. The g-Zn and Bi
are marked in this paper as L-Zn and L-Bi, respectively,
because they are in the liquid state at 450 �C. The L-Bi

phase contains 23.6 to 26.5 at.% Zn and no Ni. According
to the information of the Bi-Zn system,[16] the L-Bi phase
contains 45.0 at.% Zn at 450 �C. As the samples are cooled
down from 450 �C to the room temperature, Zn-rich phases
precipitate from L-Bi phase. The same phenomenon
appeared in the study of Zn-Fe-Bi ternary system.[33] The
L-Zn phase contains 1.8 at.% Bi and 1.1 at.% Ni. Bi is not
detected in the d phase. The microstructure of A2 is shown
in Fig. 1(a). The white L-Bi particles and the gray d block
coexist with the matrix of the L-Zn phase. There are some
small white L-Bi particles which forms during the quench-
ing process. The x-ray diffraction pattern of A2 is shown in
Fig. 1(b) which confirmed the alloy corresponding to
(L-Zn + L-Bi + d) three-phase equilibrated state.

SEM-EDS analyses indicate that A4 and A5 consists of
three phases, L-Bi, c and d. Figure 2(a) is the microstructure
of A4 in which the L-Bi coexists with the light gray c phase
and the dark gray d phase. The relief and compositions of

Fig. 7 The microstructures (a) and the x-ray diffraction pattern
(b) of A13. It is three-phase equilibrated state of the b1, NiBi
and NiBi3 phases

Fig. 8 The microstructures (a) and the x-ray diffraction pattern
(b) of A14. The b1, L-Bi and NiBi3 three phases co-exist in this
alloy
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the L-Bi phase, the c phase and the d phase are significantly
different. Figure 2(b) is the x-ray diffraction pattern of A4
which indicted that A4 alloy corresponds to three-phase
equilibrated state.

Figure 3 and 4 are microstructures of A9 and A11 which
indicate the (L-Bi + c) and (b1 + NiBi3) two-phase equili-
brated states, respectively. Bi is not detected in the Ni-Zn
binary intermetallic compounds, the c phase and the b1 phase.
The L-Bi phase contains 4.8 at.% Zn and 1.9 at.% Ni.

The microstructure and x-ray diffraction pattern of
specimen A10 are shown in Fig. 5, which indicates b1, c,
and L-Bi co-existing. The gray block b1 phase appears
buried in the c phase matrix. The white L-Bi phase contains
3.5 at.% Zn and 2.3 at.% Ni.

The microstructure of A12 consists of the b1 phase, the
NiBi phase and the a-Ni phase. The b1 phase contains
44.1 at.% Zn. In present work, the NiBi phase contains more
Bi than the result of Nash,[25] but agrees well with Vassilev
et al.[27] Zn is not detected in the NiBi phase. And Bi is not
detected in the b1 phase. The microstructure and x-ray
diffraction pattern of specimen A12 are shown in Fig. 6, in
which b1 and NiBi coexist with the a-Ni phases. The EDS
results showed the composition of the a-Ni phase is not
uniform. The composition changed from Zn18.1Ni81.9 at
the center to Zn31.5Ni68.5 at the boundary of the a-Ni
phase. So it is difficult to determine the equilibrium
composition, especially that of a-Ni. The sample A12 is
annealed at 450 �C for another 30 days to ensure the
establishment of the equilibrium state. The microstructure is
shown in Fig. 6(b), in which b1 phases grow to dark gray
blocks and contain 44.5 at.% Zn. The EDS results showed
the composition of the a-Ni phase is Zn31.2Ni68.8. The

results are quite consistent with the Ni-Zn system.[22] These
compositions are adopted as the equilibrium composition of
the tie-triangle.

The microstructure and x-ray diffraction pattern of
specimen A13 are shown in Fig. 7, in which b1, NiBi and
NiBi3 phases coexist. Black b1 grains and gray block NiBi
phases are buried in light gray NiBi3 phases.

SEM-EDS analyses indicate that the microstructure of
alloy A14 corresponded to the (b1 + L-Bi + NiBi3) three-
phase equilibrium state. The microstructure and x-ray
diffraction pattern of specimen A14 are shown in Fig. 8.
Black block b1 phases and gray NiBi3 phases buried in light
gray L-Bi matrix.

Based on the SEM-EDS analyses and the x-ray diffrac-
tion pattern of the above-mentioned alloys combined with
the equilibria composition of three binary systems,[16,22,27]

the phase diagram of the Zn-Bi-Ni ternary system at 450 �C
is determined as shown in Fig. 9. It shows that there are six
three-phase regions in this section. The L-Bi phase is in
equilibrium with all phases of Ni-Zn binary system except
the a-Ni phase. The third element cannot be dissolved in
any of the phases except the liquid-phase. As mentioned
above, it is very difficulty to avoid the precipitation of the
Zn-rich phases from the L-Bi phase, the accurate compo-
sition of the L-Bi phase needs further work.

4. Conclusions

The isothermal section of the Zn-Bi-Ni ternary system at
450 �C was determined in the present work. The main
results are listed below:

Fig. 9 The isothermal section of the Zn-Bi-Ni ternary system at 450 �C
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1. At 450 �C, there are six three-phase regions in the
Zn-Bi-Ni ternary system;

2. The L-Bi phase is in equilibrium with all phases of
Ni-Zn system except the a-Ni phase;

3. Bi is almost insoluble in the three Ni-Zn intermetallic
compounds and a-Ni phase, and Zn is almost insolu-
ble in NiBi and NiBi3.
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