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Abstract Phase equilibria among the c-(Ni, Co), topo-
logically close-packed and geometrically close-packed

phases in the Ni-Nb-Co ternary system were investigated

using x-ray diffraction, transmission electron microscopy,
and electron probe microanalysis for equilibrated bulk

alloys at 1100 and 1200 "C. A two-phase equilibrium

between the c (A1) and D0a phases (Ni3Nb) is confirmed to
exist on the Ni-rich side with the Ni/(Ni ? Co) ratio above

* 0.8, which agrees well with literature data. The phases

in equilibrium with the A1 phase change into a ternary-
compound D019 phase ((Ni, Co)3Nb) and an mC18 phase

(Co7Nb2) with increasing Co content. The C15 phase

(Co2Nb) is not in equilibrium with the A1 phase. The three-
phase tie-triangle of the A1/mC18/D019 moves toward the

Co-rich side with decreasing temperature at an equivalent

Nb concentration, while that of A1/D019/D0a almost
remains at the chemical composition of Ni-20Co-20Nb in

the temperature range investigated. Because the mC18

phase is in equilibrium with the A1 phase up to 1086 "C in
the Co-Nb binary system, Ni addition should stabilize the

mC18 phase and expand the mC18 phase region toward

high temperatures.

Keywords Topologically close-packed phase !
Geometrically close-packed phase ! Ni-Nb-Co ternary

system ! Phase equilibria

1 Introduction

Ni-based alloys are basically strengthened with coherent

precipitates of the geometrically close-packed (GCP)
phase, such as the L12 phase (c0 phase, Ni3Al) and D022
phase (c00 phase, Ni3Nb) within the grain interior; an

increase in the volume fraction strengthens the alloys.[1]

The topologically close-packed (TCP) phase is considered

to be detrimental because it is hard and brittle, precipitates

in a coarse morphology and reduces the volume fraction of
the GCP phase. Therefore, attempts have been made to

suppress the formation of the TCP phase.
Takeyama et al. clarified that the TCP phase can be a

strengthening phase for long-term creep strength. Deco-

rating the grain boundary (GB) with a thermodynamically
stable phase can improve the creep resistance of Ni-Cr-W

ternary model alloys where the a2-W phase precipitates on

the GB and the minimum creep rate decreases with the
increasing area fraction of the GB covered with precipi-

tates.[2-4] The strengthening mechanism is called ‘‘grain

boundary precipitation strengthening’’ (GBPS). The novel
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heat-resistant austenitic steels designed according to the

GBPS mechanism exhibit the thermodynamically
stable C14 type Fe2Nb Laves phase and the D0a phase (d
phase, Ni3Nb) on the GB and within the grain interior,

respectively. The austenitic steels have superior long-term
creep strength, which is comparable to that of Inconel

617.[5-7] This microstructure design is based on the phase

equilibria among the c (A1)/TCP/GCP phases in the Fe-Ni-
Nb ternary system.

Our objective is to apply the microstructure design
principle to Ni based alloys and strengthen them indepen-

dently from the c0 and c00 phases. The terminal composition

of the A1 phase in the A1/TCP/GCP three-phase region
should exist in the Ni-rich region. We fix the D0a phase

(Ni3Nb) as the GCP phase because this phase is already

used as a strengthening phase within the grain interior in
novel heat-resistant austenitic steels. Additionally, knowl-

edge regarding the phase equilibria and crystal structure of

the phase in the binary system is reliable.[8,9] Subsequently,
we investigate the phase equilibria among the A1, TCP,

and D0a phases in the Ni-Nb-M ternary system.

The Ni-Nb-Co ternary system is considered as a model
system, because there are reports on phase equilibria

among the A1, TCP, and GCP phases. All the reports

suggest the existence of the A1/TCP/GCP three-phase
region and some suggest that the three-phase region exists

in the Ni-rich region.[10-15] However, the reported crystal

structures of the TCP and GCP phases are different.
Additionally, the terminal compositions of the phases dif-

fer. Gupta investigated the isothermal section in the system

at 1200 "C and reported a large region of C15 (Co2Nb) at
an equivalent Nb concentration.[10] The A1/C15/D0a three-

phase region was suggested to exist around Ni-20Nb-20Co,

but details were not provided, because of the lack of
experimental data. In our preliminary experiments, Ni-

20Nb-20Co equilibrated at 1200 "C; however, it did not

form the C15 phase. Shaipov et al. suggested the existence
of the A1/TCP/GCP three-phase region around Ni-23.2Nb-

25.1Co at 1100 "C. However, the TCP and GCP phases

were reported as the k-phase (the polytype based on C15
and C14 type crystal structures) and the D022 phase,

respectively.[11] They also reported that the three-phase

region exists around Ni-17.4Nb-26.1Co at 923 "C. Addi-
tionally, Feng et al. showed that the phases in equilibrium

with the A1 phase at 1100 "C are Co3Nb and Ni3Nb in the

Ni-rich and Ni-poor regions, respectively.[12] Therefore, an
A1/Co3Nb/Ni3Nb three-phase region was suggested to

exist. However, the composition of the three-phase region

was completely different from that reported by Shaipov
et al.[11] The crystal structures of the Co3Nb and Ni3Nb

phases were not elucidated. Panteleimonov et al. also

reported the existence of the A1/Co3Nb/Ni3Nb three-phase
region at 980 "C.[13] Wang et al. investigated the

isothermal section at 850 "C and reported the existence of

an A1/X/D0a three-phase region.[14] The X phase was
reported to be a ternary compound with a Co content

ranging from 20 to 68%. Zhu et al. investigated the

isothermal section at 900 "C and suggested the X phase as
the C36 phase, according to electron backscatter diffraction

(EBSD) data.[15] Therefore, the crystal structures of the

GCP and TCP phases in equilibrium with the A1 phase and
the shift of the A1/GCP/TCP three-phase region with

respect to the temperature in the Ni-Nb-Co ternary system
must be investigated in order to use the TCP and GCP

phases for microstructure design.

In this study, the phase equilibria in the Ni-Nb-Co
ternary system at 1100 and 1200 "C were re-examined.

2 Experimental Procedures

In this study, the alloys were divided into two series. Series
I was Ni-(10.0-20.0)Nb-(20.0-85.0)Co (hereafter, all com-

positions are given in atomic percent) and Series II was Ni-

(25.0-33.3)Nb-(50.0-66.6)Co. The first and second series
were prepared to investigate the phases in equilibrium with

the A1 and C15 phases, respectively. The alloys using 3N

Ni, 3N Nb and 3N Co were prepared via arc melting with a
non-consumable W electrode in the form of * 30 g button

ingots. Each ingot was melted five times and turned over

each time to avoid segregation. The specimen was equili-
brated at 1200 "C for 160-240 h and at 1100 "C for 240 h,

followed by water quenching. The equilibration heat-

treatment time was determined by the diffusion distance of
Nb, which can diffuse by more than 40 lm in pure Ni or

pure Co.[16,17] Part of the alloys was homogenized at

1200 "C for 10 h to prepare samples for identification of
the crystal structures of the intermetallics. All heat treat-

ments were performed in a silica tube back-filled with Ar

gas after evacuation to 2.7 9 10-3 Pa.
The microstructures were examined using field-emission

scanning electron microscope and transmission electron

microscope (TEM). TEM disks with a thickness of 0.1 mm
and a diameter of 3 mm were machined and then

mechanically polished, followed by twin-jet electropol-

ishing in an ethanolic solution of 10 vol.% perchloric acid
at approximately - 25 "C. For powder x-ray diffraction

(XRD) analyses, the samples were crushed and particles

with diameters of \ 45 lm were used. The powder was
annealed in a silica tube back-filled with Ar gas after

evacuation to 2.7 9 10-3 Pa at the equilibration tempera-

ture for 10 min to remove the strain introduced during
crushing. The measurement was performed under the fol-

lowing conditions: target, Cu (Ka1, k = 1.5406 Å); volt-

age, 40 kV; current, 40 mA; divergence slit, 2/3";
scattering slit, 8.0 mm; scanning speed, 3.00"/min; and
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step width, 0.02". The composition of the phase was ana-
lyzed using an electron probe microanalyzer equipped with

a wavelength-dispersive x-ray spectroscopy under the

operating conditions of 20 kV and 2.0 9 10-8 A and
determined for more than five data calibrated via the ZAF

correction method using pure elements as standards.

Fig. 1 BEIs of as-cast alloys: (a) Ni-15Nb-20Co, (b) Ni-20Nb-20Co, (c) Ni-15Nb-45Co, (d) Ni-15Nb-70Co, (e) Ni-25Nb-65Co, and (f) 33.3Nb-
66.7Co (Co2Nb)
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Fig. 2 BEIs of alloys equilibrated at 1200 "C: (a) Ni-15Nb-20Co, (b) Ni-20Nb-20Co, (c) Ni-15Nb-45Co, (d) Ni-15Nb-70Co, (e) Ni-25Nb-65Co,
and (f) 33.3Nb-66.7Co (Co2Nb)
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3 Results

3.1 Microstructures

Figure 1 shows backscatter electron images (BEIs) of as-

cast alloys. In Ni-15Nb-20Co of Series I, the microstruc-

ture consists of the primary A1 phase with a dark contrast
together with the eutectic region (Fig. 1a). In Ni-20Nb-

20Co, the primary crystal is the phase with a bright contrast

(Fig. 1b). In Ni-15Nb-(45, 70)Co, the volume fraction of
the primary crystal A1 phase decreases relative to that of

Ni-15Nb-20Co and the eutectic microstructure is observed

(Fig. 1c and d). Therefore, the eutectic composition shifts
toward the Nb-poor side with an increase in the Co content.

In Ni-25Nb-65Co of Series II, wherein 5Ni and 5Co are
substituted for 10Nb from Ni-15Nb-70Co, the primary

crystal with a bright contrast occupies a large part of the

microstructure and the eutectic microstructure is observed
between the primary crystals (Fig. 1e). At the composition

of stoichiometric Co2Nb (33.3Nb-66.6Co) the sample is

almost single phase (Fig. 1f).
Figure 2 presents BEIs of the alloys shown in Fig. 1

equilibrated at 1200 "C. In Ni-15Nb-20Co, the grain size

of the granular-shaped phase in equilibrium with the A1
phase is * 20 lm (Fig. 2a). In Ni-20Nb-20Co, the phase

with the bright contrast occupies * 90% (Fig. 2b). Two

types of compositions in the bright phase are observed: Ni-
22.6Nb-16.3Co and Ni-21.2Nb-21.4Co. Therefore, the

alloy is in the three-phase tie-triangle at 1200 "C. In the Ni-
15Nb-(45, 70)Co, the shape of the secondary phase is
plate-like (Fig. 2c and d). The composition of the A1 phase

in Ni-15Nb-70Co is Ni-6.1Nb-78.3Co. The microstructure

in Ni-25Nb-65Co of Series II also consists of dark and
bright phases (Fig. 2e). The volume fraction of the phase

with a dark contrast increases despite the increase in the Nb

content and the composition of the phase is Ni-22.7Nb-
65.2Co. Therefore, this is not the A1 phase. The stoichio-

metric composition of Co2Nb exhibits a single phase

Fig. 3 BEIs of alloys equilibrated at 1100 "C: (a) Ni-15Nb-20Co, (b) Ni-20Nb-20Co, (c) Ni-15Nb-45Co, and (d) Ni-15Nb-70Co
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(Fig. 2f). This should be the C15 phase, according to the
reported phase diagram.[18,19]

Figure 3 shows BEIs of the alloys of Series I equili-

brated at 1100 "C. In Ni-15Nb-20Co, the grain size of the
granular-shaped phase in equilibrium with the A1 phase is

* 10 lm (Fig. 3a). Although the grain size is smaller than

in the alloy equilibrated at 1200 "C (Fig. 2a), the
microstructures are similar. In Ni-20Nb-20Co, the

microstructure comprises the A1 phase with a dark contrast

and * 90% of the phase with a bright contrast. The
composition of the primary phase is Ni-21.3Nb-19.8Co.

Therefore, the alloy is in a two-phase region at 1100 "C
(Fig. 3b). In Ni-15Nb-45Co, the morphology of the phase

in equilibrium with the A1 phase was similar to that of the

phase in Ni-15Nb-20Co (Fig. 3c), whereas in Ni-15Nb-
70Co, it has a plate-like and blocky shape (Fig. 3d) and is

similar to that in Ni-15Nb-(45, 70)Co equilibrated at

1200 "C (Fig. 2c and d).

3.2 Phase Identification

Figure 4 shows the results of phase identification using

XRD for alloys equilibrated at 1200 "C (microstructures
are shown in Fig. 2). The calculated patterns of the A1,[20]

D0a,
[9] C15,[19,21] C36[19] and mC18[19,22] phases are also

shown in Fig. 4. They have been reported as the equilib-
rium phases in the Ni-Nb-Co ternary system.[10-15]

All the alloys in Series I exhibits peaks of the A1 phase

(Fig. 4a ,b, c, and d). The peaks shift toward a higher angle
with an increase in the Co content caused by a decrease in

Fig. 4 XRD patterns of samples equilibrated at 1200 "C, along with
the calculated patterns: (a) Ni-15Nb-20Co, (b) Ni-20Nb-20Co, (c) Ni-
15Nb-45Co, (d) Ni-15Nb-70Co, (e) Ni-25Nb-65Co, (f) 33.3Nb-
66.6Co, (g) A1 (Ni), (h) D0a (Ni3Nb), (i) C15 (Co2Nb), (j) C36
(Co2Nb), and (k) mC18 (Co7Nb2)

Fig. 5 XRD patterns of samples equilibrated at 1100 "C, along with
the calculated patterns: (a) Ni-15Nb-20Co, (b) Ni-20Nb-20Co, (c) Ni-
15Nb-45Co, (d) Ni-15Nb-70Co, (e) A1 (Ni), (f) D0a (Ni3Nb), (g) C15
(Co2Nb), (h) C36 (Co2Nb), and (i) mC18 (Co7Nb2)
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the lattice parameter of the A1 phase with the decreasing

solubility of Nb (146.8 pm), which is a larger atom than Ni
(124.6 pm) and Co (125.2 pm).[23]

For Ni-15Nb-20Co (Fig. 4a), the strongest peak (except

for the peaks of A1) exists around 46" (Fig. 4a). This can
be the peak of 211 in the D0a phase; here, 020 and 012

peaks with half the intensity of the 211 peak should be

around 43" and 45", respectively, and the 201 peak with
relatively low intensity should be around 40", as shown in

the calculated pattern of the D0a phase (Fig. 4h). In the

XRD pattern of Ni-15Nb-20Co, the peak with half the
intensity of the 211 peak exists at a higher angle than the

020 peak in the calculated pattern and the peak with very

low intensity also exists at the angle of the 012 peak in the
calculated pattern. The peak position and relative intensity

at * 40" are identical to the calculated pattern for the 201
peak. The reported isothermal section indicates that the

alloy at 1200 "C is in the A1 ? D0a two phase

region.[10,24] Therefore, the equilibrium phases in Ni-15Nb-
20Co at 1200 "C are the A1 and D0a phases. For Ni-20Nb-

20Co, in addition to the peaks of A1 and D0a, a peak at

* 35" (Fig. 4b) is observed, which does not correspond to
the peaks of any reported phases. Thus, the equilibrium

phases in Ni-20Nb-20Co are A1, D0a, and a phase with a

different structure from the reported phases. For Ni-15Nb-
45Co, the strongest peak (except for the peaks of A1) exists

at* 46" (Fig. 4c). This peak is likely due to the C36 phase
or mC18 phase. If it corresponds to C36, a stronger peak
should exist at * 45". However, no such peak exists in the

XRD pattern. If the peak corresponds to mC18, the second-

strongest peak should exist at * 44". There is a peak at
this angle, but it is not easy to determine whether it arises

from mC18 phase, because it overlaps with the 111 peak of
the A1 phase. At lower angles, peaks with identical peak

Fig. 6 Ni-10Nb-65Co homogenized at 1200 "C for 10 h: (a) BEI, (b) BFI taken with g = 11-1A1, (c) diffraction pattern of the mC18 phase, and
(d) calculated diffraction pattern of the mC18 phase (B = 11-2mC18)
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positions and intensities to the calculated one exist.

Although there are peaks at 35" and 41", which are not
identical to the calculated peak, the peaks for Ni-15Nb-

45Co are likely due to the A1 and mC18 phases. The peak

position and intensity for Ni-15Nb-70Co are very similar to
those for Ni-15Nb-45Co, although the peaks at 35" and 41"
disappear (Fig. 4d). Consequently, the peaks for Ni-15Nb-

70Co are due to the A1 and mC18 phases.
In Ni-25Nb-65Co of Series II (Fig. 4e), the peaks shift

toward higher angles from the peaks of the C15 phase in

the stoichiometry of Co2Nb (Fig. 4f) and correspond to the

peaks of the mC18 phase in Ni-15Nb-70Co (Fig. 4d). The

peak shift of the C15 phase is caused by a decrease in the
Nb content of the C15 phase. Therefore, the phases with

dark and bright contrasts in Ni-25Nb-65Co equilibrated at

1200 "C (Fig. 2e) are the mC18 and C15 phases,
respectively.

Figure 5 shows the results of phase identification using

XRD for alloys of Series I equilibrated at 1100 "C (mi-
crostructures are shown in Fig. 3) and the calculated pat-

terns. For Ni-15Nb-20Co (Fig. 5a), the patterns are almost

identical to those of the alloys equilibrated at 1200 "C
(Fig. 4a). Consequently, the peaks for Ni-15Nb-20Co are

due to the A1 and D0a phases. The peak positions for Ni-

20Nb-20Co and Ni-15Nb-45Co are almost identical,
although the peak intensities differ (Fig. 5b and c). The

positions of these peaks (except for the peak of A1) are

close to those in the patterns of the D0a phase in Ni-15Nb-
20Co (Fig. 5a). However, the peak of 012 at * 45" is not
observed, and the additional peak at * 35" is observed.
This peak is also observed for Ni-20Nb-20Co equilibrated

at 1200 "C (Fig. 4b). Therefore, the phases in equilibrium

with the A1 phases in Ni-20Nb-20Co and Ni-15Nb-45Co at
1100 "C are the A1 phase and the phase in Ni-20Nb-20Co

at 1200 "C. For Ni-15Nb-70Co (Fig. 5d), the peaks are

almost the same as those for the alloy equilibrated at
1200 "C (Fig. 4c). Thus, the phase in equilibrium with the

A1 phase is the mC18 phase.

Figure 6 shows a BEI and bright field image (BFI) of
Ni-10Nb-65Co homogenized at 1200 "C for 10 h. The

Fig. 7 TEM images of Ni-15.0Nb-45.0Co equilibrated at 1100 "C for 240 h: (a) BFI taken with g = 1-11A1 and (b) SADP of D019 taken with
B = 0001D019

Fig. 8 XRD patterns: (a) Ni-15Nb-45Co equilibrated at 1100 "C for
240 h and (b) calculated data for the D019 phase with the lattice
parameter measured via TEM analysis of Ni-15Nb-45Co equilibrated
at 1100 "C for 240 h
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diffraction pattern of the phase in equilibrium with the A1
phase and the calculated pattern of the mC18 phase

(B = 11-2mC18) are also shown in Fig. 6. The brighter

phase in the BEI was analyzed (Fig. 6a). In the BFI, the
A1 phase with a dark contrast and the phase in equilib-

rium with the A1 phase with a stacking fault are observed

(Fig. 6b). The diffraction pattern of this phase corre-
sponds to the calculated pattern of the mC18 phase

(Fig. 6c and d). Therefore, the phase in equilibrium with

the A1 phase in Ni-15Nb-(45, 70)Co at 1200 "C is
identified as the mC18 phase according to the XRD and

TEM results.

Figure 7 shows the phase identification results for the
phase in equilibrium with the A1 phase in Ni-15Nb-45Co

equilibrated at 1100 "C. In the BFI, dislocation is observed

in the A1 phase but not in the phase in equilibrium with the
A1 phase (Fig. 7a). The diffraction pattern indicates that

the secondary phase has a six-fold axis (Fig. 7b).

According to the analysis of the diffraction patterns, this
phase is the D019 phase. Figure 8 shows the XRD patterns

of the same sample together with the calculated patterns of

D019, which was prepared using the lattice parameter

measured from the diffraction pattern. The peak positions
and intensity are identical and no additional or extinct

peaks are observed. The phase in equilibrium with the A1

phase in Ni-15Nb-45Co equilibrated at 1100 "C is identi-
fied as the D019 phase.

Tables 1 and 2 present the analyzed compositions and

lattice parameters of the phases present in the Ni-Nb-Co
ternary system at 1100 and 1200 "C. The Nelson–Rilay

function was used to determine the lattice parameters.

Figure 9 shows the isothermal section in the Ni-Nb-Co
ternary system at 1100 and 1200 "C. The high-Nb region at

1200 "C was the isothermal section reported by Gupta.[10]

The A1 phase is in equilibrium with the D0a (Ni3Nb), D019
((Co, Ni)3Nb), mC18 (Co7Nb2), and C36 (Co2Nb) phases at

1200 "C. The A1 phase is not in equilibrium with the

C15 phase. The mC18 phase with a 1% solubility range of
Nb exists between the A1 and C15 phases. A1/D019/D0a
and A1/mC18/D019 three-phase regions exists at the Ni-

poor and Ni-rich corners, respectively. The former remains
at the chemical composition of Ni-20Nb-20Co and the

latter shifts toward the high-Co region with a decrease in

temperature.

Table 1 Analyzed
compositions and lattice
parameters of the phases present
in the Ni-Nb-Co ternary system
equilibrated at 1200 "C

Bulk alloy composition Phase present Composition, at.% Lattice parameter, A

Ni Nb Co Ni Nb Co a b c

Bal. 15 20 A1 66.2 11.2 22.6 3.596

D0a 63.3 21.9 14.8 5.108 4.213 4.478

Bal. 20 20 A1 63.4 11.5 25.1 3.599

D019 57.5 21.2 21.4 5.175 4.162

D0a 61.2 22.6 16.3 5.094 4.206 4.482

Bal. 15 45 A1 41.8 9.1 49.2 3.591

mC18 38.1 21.3 40.6 … … …
Bal. 15 60 A1 … … … 3.572

mC18 … … … … … …
Bal. 10 65 A1 25.8 7.2 67.0 … … …

mC18 24.0 21.2 54.8 … … …
Bal. 15 70 A1 15.6 6.1 78.3 3.568

mC18 14.8 21.5 63.7 … … …
Bal. 15 80 A1 6.0 5.5 88.5 3.561

mC18 4.4 24.3 71.3 … … …
15 85 A1 95.4 4.6 3.572 15.454

C36 24.0 76.0 4.74

Bal. 33.3 50 C15 … … … 6.779

Bal. 30 60 C15 … … … 6.750

Bal. 25 65 C15 9.3 25.9 64.8 6.709

mC18 12.1 22.7 65.2 … … …
33.3 66.6 C15 6.781

…: Not analyzed
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4 Discussion

4.1 Comparison with Previous Reports

The A1 phase is in equilibrium with the D0a (GCP, Ni3Nb),

D019 (GCP, (Co, Ni)3Nb), and mC18 (TCP, Co7Nb2)
phases, and the A1/D019/D0a and A1/mC18/D019 three-

phase regions are formed at both 1100 and 1200 "C.
The mC18 phase in equilibrium with the A1 phase in the

Co-Nb binary system was experimentally observed by

Stein et al.[19] They suggested that the phase is nearly a line

compound with a homogeneity of only * 0.2 at.%. Our
results indicate that the Nb content of this phase varies

from 21.2 to 24.3 at.% at 1200 "C (Table 2), probably

owing to the sluggish peritectoid reaction (A1 ? C36 ?
mC18). In the binary system, the reaction was reported to

Table 2 Analyzed
compositions and lattice
parameters of the phases present
in the Ni-Nb-Co ternary system
equilibrated at 1100 "C

Bulk alloy composition Phase present Composition, at.% Lattice parameter, A

Ni Nb Co Ni Nb Co a b c

Bal. 15 20 A1 66.6 10.3 23.2 3.595

D0a 63.6 22.6 13.7 5.122 4.201 4.535

Bal. 17.5 20 A1 66.7 10.2 23.1 … … …
D0a 63.6 22.6 13.8 … … …
D019 59.6 21.0 19.3 … … …

Bal. 20 20 A1 65.8 10.1 24.2 3.584

D019 58.9 21.3 19.8 5.169 4.153

Bal. 15 45 A1 40.5 6.9 52.7 3.582

D019 40.6 22.7 36.8 5.187 4.199

Bal. 15 47.5 A1 27.4 6.6 56.0 … … …
D019 38.2 22.8 39.0 … … …

Bal. 20 45 A1 36.8 7.1 56.1 3.580

mC18 34.8 21.7 43.5 … … …
D019 37.0 23.0 40.0 5.19 4.198

Bal. 15 52.5 A1 33.9 6.5 59.6 … … …
mC18 32.3 21.2 46.5 … … …

Bal. 15 60 A1 … … … … … …
mC18 … … … … … …

Bal. 10 65 A1 25.6 5.5 68.9 3.574

mC18 25.0 21.5 53.6 … … …
Bal. 15 70 A1 3.568

15 85 mC18 … … … … … …
A1 3.9 96.1 3.565

mC18 23.9 76.1 … … …

…: Not analyzed

Fig. 9 Isothermal section of the Ni-Nb-Co ternary system at
(a) 1200 "C and (b) 1100 "C (e1 and e2 represent the eutectic
compositions in the Ni-Nb and Co-Nb binary systems)
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occur at 1086 "C, and the peritectoid reaction compositions

of the mC18 and C36 phases were 22.2 ± 0.2Nb and
24.5 ± 0.5Nb, respectively. These values are very close to

the Nb content of the mC18 phase observed in this study

(21.2-24.3Nb at 1200 "C), suggesting that the sluggish
reaction keeps the Nb content of the mC18 phase almost

the same as that of the C36 phase.

The existence of a ternary compound in equilibrium

with the A1 phase in the Ni-Nb-Co ternary system was also
reported.[14,15] However, the crystal structure was sug-

gested to be C36 according to EBSD. The TEM images and

XRD patterns obtained in our study suggest that the crystal
structure is D019.

This is the first report of the existence of the A1/mC18/

D019 three-phase region, which shifts toward the Ni-poor
region with the decreasing temperature in the Ni-Nb-Co

ternary system.[10-15]

4.2 Stability of mC18 Phase

Stein et al. reported the presence of the mC18 phase
(Co7Nb2) in the Co-Nb binary system. The phase exists as

the equilibrium phase at temperatures up to 1086 "C.[15] In
the Ni-Nb-Co ternary system, the phase can exist as the
equilibrium phase above 1200 "C. Therefore, Ni stabilizes
the mC18 phase and expands the phase region toward high

temperatures. Hereafter, the change in the stability of the
phases, including the mC18 phase, with Ni addition is

Fig. 10 Schematic of the isothermal section in the Co-rich region of
the Ni-Nb-Co ternary system at (a) 1200 "C, (b) the ternary eutectic
reaction temperature (liquid ? A1 ? mC18 ? C36), (c) the ternary
transition peritectic reaction temperature (liquid ? C15 ?
mC18 ? C36), and (d) the peritectic reaction temperature

(liquid ? C15 ? C36). The dotted lines indicate the regions of the
mC18 and C36 phases, and the light-grey line indicates the mC18/
C36/C15 three-phase region at a temperature of 1086 "C, where the
peritectoid reaction (A1 ? C36-[mC18) occurred in the Co-Nb
binary system

Fig. 11 Unit cell of mC18 (Co7Nb2)
[22]
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discussed according to the experimental results and the Co-

Nb binary phase diagram.
According to the reported Co-Nb binary phase dia-

gram,[19] there are three invariant reactions in the Co-rich

region: the peritectoid reaction of A1 ? C36 ? mC18 at
1086 "C, the eutectic reaction of L ? A1 ? C36 at

1239 "C and the peritectic reaction of L ? C15 ? C36 at

1264 "C. Consequently, the phase region among the A1/
mC18/C36/C15 should be inferred as shown in Fig. 10. At

1086 "C, the A1, C36, and mC18 phases are in equilibrium
and a peritectic reaction occurs in the Co-Nb binary system

(P1). The dotted lines indicate the phase regions for the

mC18 and C36 phases and the light-gray line indicates the
mC18/C36/C15 three-phase region at 1086 "C (Fig. 10a).

While the phase region of the mC18 phase shifts toward the

Ni-rich region at the equivalent Nb concentration line with
an increase in temperature, the phase region of the C36

phase shrinks toward the Ni-poor region. The ternary

eutectic reaction of liquid ? A1 ? mC18 ? C36 occurs
at high temperatures (Fig. 10b). The three-phase tie-trian-

gles shift away from each other with the increase in tem-

perature. Therefore, the three-phase tie-triangles of the
liquid/mC18/C36 and mC18/C15/C36 are close to each

other. The ternary transition peritectic reaction occurs at a

temperature where all the liquid, C15, mC18, and C36
phases are in equilibrium and the three-phase tie-triangles

shift away from each other with the increase in temperature

(Fig. 10c). The liquid phase expands toward the Ni-poor
region with the increasing temperature and the eutectic

reaction of L ? A1 ? C36 occurs at 1239 "C (U). At

1264 "C, the liquid, C36 and C15 phases are in equilibrium
in the Co-Nb binary system (P2) (Fig. 10d). Therefore, the

mC18 phase is still the equilibrium phase in the Ni-Nb-Co

ternary system. Thus, Ni is partitioned into the mC18 phase
more than the C36 phase and stabilizes the mC18 phase

against the C36 phase.

Decrease in the enthalpy of formation for the mC18
phase by the addition of Ni is possible. The phase region of

the mC18 phase expands on the equi-Nb line, indicating

that Ni is substituted at the Co sites in the mC18 phase. The
interaction parameter in the liquid between Ni and Nb

(- 135 kJ/mol) is smaller than that between Co and Nb

(- 111 kJ/mol).[25] Thus, the substitution of Ni at the Co
sites reduces the enthalpy of formation owing to the

increase in Ni-Nb bonding and stabilizes the mC18 phase.

The unit cell of the mC18 is shown in Fig. 11.[22] There
are three Co sites in mC18. Co1 and Co2 exists in a single

layer and Co3 exists in a double layer. Further investiga-

tion using Rietveld analysis is needed to clarify the rela-
tionship between the substitution of Ni at the Co sites and

the stability of the mC18 phase.

5 Conclusion

The change in the phase equilibria among the A1/TCP/
GCP phases with respect to the temperature in the Ni-Nb-

Co ternary system was examined. The following conclu-

sions are drawn.

1. At 1200 "C, the A1 phase is in equilibrium with the

D0a (GCP, Ni3Nb), D019 (GCP, (Co, Ni)3Nb), mC18
(TCP, Co7Nb2) and C36 (TCP, Co2Nb) phases and the

A1/D019/D0a and A1/mC18/D019 three-phase regions

are formed.
2. The A1/mC18/D019 three-phase region shifts toward

the Ni-poor region with the decreasing temperature.

3. Ni stabilizes the mC18 phase against the C36 phase
and Co stabilizes the D019 phase against the D0a phase.
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