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Phase Equilibria and Microstructure on �0 Phase in Co-Ni-Al-W System
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Phase equilibria between the � and � 0 phases at 900�C in the Co-(10–70)Ni-Al-W system were determined by electron probe microanalysis
(EPMA) and X-ray diffractometry (XRD). It was found that the �0 phase with L12 structure continuously exists from the Co side to the Ni side in
Co-Ni-Al-W system and that it widens to the low W region with increasing Ni content. The partition of Al into the �0 phase increased with Ni
content, while the W changed from a � 0 former to a � former by increase of Ni content. Differential scanning calorimetry (DSC) measurements
also revealed that the � 0 solvus temperature increases with Ni content, while the solidus temperature is hardly affected by such content. The
lattice parameter of the � and �0 phases and the mismatch decreased with increasing Ni content, which caused the morphologic change of the � 0

precipitates from cubes to spheres. [doi:10.2320/matertrans.MER2008073]
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1. Introduction

The Ni-based superalloys strengthened by precipitation of
the � 0 (Ni3Al) phase with the L12 structure in the � matrix
(A1) have been widely utilized for high-temperature appli-
cations including aircraft engines and power generation
systems, where the � 0 phase shows positive temperature
dependence of the strength. On the other hand, the GCP
(geometrically close-packed) phase has not been successfully
utilized in Co-based superalloys. In Co-based binary systems,
only the Co3Ti phase is known to be a stable L12 compound
and the effects of alloying elements on the stability and
morphology of the Co3Ti �

0 phase have been investigated.
However, the microstructural stability is low due to the large
mismatch in lattice constant between the � and � 0 phases in
the binary system and application of the � 0 phase is restricted
to temperatures below 800�C due to the low phase stability of
Co-Ti-based alloys containing alloying elements.1) On the
other hand, the metastable � 0 phase in several binary systems,
such as Co-Ta,2–4) Co-Al5–7) and Co-W8,9) systems, has been
reported, but its stability is too low for high temperature
applications. Therefore, conventional Co-based superalloys
have been strengthened by solid-solution hardening and
carbide precipitation hardening, although the high-temper-
ature strength is inferior to that of Ni-based superalloys.

We have recently found a new stable � 0 phase with the L12
structure represented by the formula Co3(Al,W) in the
Co-Al-W alloys,10) where the cuboidal � 0 precipitates align
along h001i of the � matrix or spherical � 0 precipitates in
the � matrix, which is similar to the morphology of the
Ni-based superalloys. More recently, it has been reported
that the polycrystalline and single-crystal Co-Al-W-based
alloys exhibit anomalous temperature dependence of flow
stress11–13) and that the high temperature strength of Co-Al-
W-Ta alloy is comparable to that of the Ni-based superalloy
MarM247 above 900�C.13)

It is expected that the phase stability of the � 0 greatly
increases by Ni substitution for Co because the Ni3Al with
the L12 structure is very stable and the � 0 phase exists in a
wide composition range in the Ni-Co-Al ternary phase
diagram.14) A detailed phase diagram of Co-Ni-Al-W system
is thus important for the design of not only Co-based but
also Ni-based superalloys. In this study, the phase equilibria
focusing on the relation between the � and � 0 phases in the
Co-Ni-Al-W system were investigated and the morphology
of the � 0 precipitates is herein discussed in terms of the
lattice mismatch.

2. Experimental Procedures

Co-(0–80)at%Ni-(5.6–20)at%Al-(2.5–10)at%W alloys
were prepared from Co (99.9%), Ni (99.99%), Al (99.7%)
and W (99.9%) by induction melting under an argon
atmosphere. Small pieces of specimens were cut from the
ingots and heat-treated at 1300�C for 24 hours, followed by
quenching in ice water. The specimens were then heat-treated
at 900�C for 168 hours, the specimens for composition
analysis being cold-rolled at a reduction rate of 20–50%
before the treatment at 900�C.

The equilibrium compositions of the � and � 0 phases at
900�C were determined by electron probe microanalysis
(EPMA), and the phase transition temperatures were exam-
ined by differential scanning calorimetry (DSC) at a heating
rate of 10�C/min.

X-ray diffraction (XRD) with Cu-K� was carried out at
room temperature to determine the lattice parameter of the �
and � 0 phases, the Nelson-Riley function15) being used. The
microstructure was observed using a field-emission scanning
electron microscope (FE-SEM).

3. Results and Discussion

3.1 Phase equilibria
Figure 1 shows backscattered electron images of (a) Co-

10Ni-10Al-7.5W and (b) Co-70Ni-10Al-7.5W alloys cold-
rolled at a reduction rate of 50% and heat-treated at 900�C

*1Graduate Student, Tohoku University
*2Graduate Student, Tohoku University. Present Address: Hitachi Re-

search Laboratory, Hitachi Ltd., Hitachi 319-1292, Japan

Materials Transactions, Vol. 49, No. 6 (2008) pp. 1474 to 1479
#2008 The Japan Institute of Metals EXPRESS REGULAR ARTICLE

http://dx.doi.org/10.2320/matertrans.MER2008073


for 168 hours. Since the coherent � 0 precipitates are usually
fine in the case of simple annealing, the cold-rolling was
conducted in advance of the heat-treatment at 900�C to
promote diffusion and to coarsen the �=� 0 microstructure
sufficiently to determine the equilibrium compositions using
EPMA. As shown in Fig. 1, some regions show relatively
fine �=� 0 two-phase microstructure, while the size of each
phase in some regions is larger than 1 mm, and thus available
for quantitative analysis. From composition analysis, the dark
and white phases in Fig. 1(a) are the � and � 0 phases,
respectively, while the contrast is reversed in Fig. 1(b),
which is caused by the change of the partition of Al and W
into the � and � 0 phases as described later.

All the data obtained by the analysis for the Co-(10–
70)at%Ni-Al-W alloys are listed in Table 1, where the D019
(Co3W), B2 (CoAl), D85 (Co7W6) and A2 (W) phases are
designated as �, �, � and �, respectively. The � and � phases
in the Co-60Ni-10Al-10W and Co-70Ni-10Al-10W alloys
precipitated together and were too fine to determine the
composition of each phase using EPMA. The � phase in Co-
10Ni-12.5Al-7.5W alloy was also too fine due to the small
amount of the precipitates. It can be seen that the � 0 phase
exists in all the specimens at 900�C and that the equilibrium
compositions of Ni in the � and � 0 phases are not so different
between phases. Therefore, the phase constitutions of Co-
10Ni-Al-W, Co-30Ni-Al-W, Co-50Ni-Al-W and Co-70Ni-
Al-W alloys are given in (Co+Ni)-Al-W two-dimensional
figures as shown in Fig. 2, assuming that the Ni contents are
equal in the � and � 0 phases and also in the �, �, � and �
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Fig. 1 Backscattered electron micrographs of (a) Co-10Ni-10Al-7.5W and

(b) Co-70Ni-10Al-7.5W alloys cold-rolled at a reduction rate of 50% and

annealed at 900�C for 168 hours.
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Fig. 2 Isothermal section diagram of Co-10Ni-Al-W, Co-30Ni-Al-W, Co-50Ni-Al-W and Co-70Ni-Al-W systems at 900�C. Grey lines

and shaded regions indicate the phase boundaries in Co-Al-W ternary system10) and the �=�0 two-phase regions in Co-Ni-Al-W

quaternary system, respectively.
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phases for the sake of simplicity. The grey lines and shaded
regions indicate the phase boundaries in Co-Al-W ternary
system10) and the �=� 0 two-phase region in Co-Ni-Al-W
quaternary system, respectively. While the composition
range of the stable � 0 is small in the Co-Al-W ternary
system, the � 0 phase expands and shifts to lower W and
higher Al content regions with increasing Ni content.
Moreover, the � 0 phase exists even without W in the

composition region over 50% Ni, which can be confirmed
by the Ni-Co-Al ternary phase diagram,14) although the W is
necessary to form the � 0–L12 compound in the region less
than 40% Ni. It is also seen that the solubility of W in the �
phase increases with increasing Ni content.

The partition coefficient Kx
� 0=� (¼ Cx

� 0=Cx
�) of each

element in (82.5–x)Co-xNi-10Al-7.5W at 900�C is listed in
Table 2 and plotted in Fig. 3(a), where Cx

� 0 and Cx
� are

equilibrium compositions of element x in the � 0 and � phases.
It is clear that Al preferentially concentrates in the � 0 phase
rather than in the � phase and that the partition coefficient
of Al increases with increasing Ni content. The partition
coefficient of W, which is high in the 10Ni alloy, decreases
with increasing Ni content, reaching a region below KW

� 0=� ¼
1:0 at about 50% Ni, which means that W changes from a � 0

former to a � former by increase of Ni composition. The
variation of partition coefficient of W in various alloys with
different W content at 900�C is shown in Fig. 3(b). In the
low W and Ni alloys, it is seen that W tends to concentrate
in the � 0 phase. This composition dependence of W is similar
to the partition behavior of Mo in Ni-Al alloy.16)

Table 1 Equilibrium compositions of Co-(10–70)Ni-Al-W system at 900�C, where the A1, L12, D019 (Co3W), B2 (CoAl), D85 (Co7W6)

and A2 (W) phases are designated as �, � 0, �, �, � and �, respectively.

Composition of
� (A1) (at%) �0 (L12) (at%) � (D019) (at%) � (D85) (at%) � (B2) (at%)

Specimen (at%)

Ni Al W Ni Al W Ni Al W Ni Al W Ni Al W Ni Al W

10.0 10.0 10.0 11.2 7.3 6.3 10.7 9.8 11.1 6.6 1.5 20.9 — — — — — —

10.0 10.0 7.5 9.7 8.7 5.4 10.5 10.8 9.9 — — — — — — — — —

10.0 12.5 7.5 9.2 10.0 4.7 10.3 11.5 9.1 — — — — — — nd nd nd

20.0 10.0 10.0 19.4 7.4 7.9 20.7 9.9 10.1 13.2 3.1 18.8 — — — — — —

20.0 10.0 7.5 18.7 7.9 5.5 20.9 11.1 8.6 — — — — — — — — —

20.0 12.5 5.0 18.3 11.0 3.3 21.7 14.0 6.8 — — — — — — — — —

20.0 15.0 5.0 17.9 11.5 3.2 21.4 14.3 6.9 — — — — — — 26.2 33.6 0.6

30.0 10.0 10.0 27.5 5.9 8.2 31.7 10.8 10.0 17.5 1.8 20.6 — — — — — —

30.0 10.0 7.5 27.7 7.3 6.0 32.6 12.1 8.4 — — — — — — — — —

30.0 12.5 5.0 27.2 9.9 3.5 33.0 14.6 6.4 — — — — — — — — —

30.0 12.5 2.5 29.3 11.3 2.0 37.0 16.6 4.5 — — — — — — — — —

30.0 17.5 2.5 26.4 12.5 1.9 33.8 16.8 4.3 — — — — — — 34.9 32.9 0.2

40.0 10.0 10.0 35.9 4.6 9.6 41.1 10.9 9.5 24.0 1.8 20.0 — — — — — —

40.0 10.0 7.5 36.7 6.3 6.6 42.3 12.6 7.7 — — — — — — — — —

40.0 12.5 5.0 35.6 8.7 3.5 43.3 15.1 5.8 — — — — — — — — —

40.0 12.5 2.5 37.6 10.6 1.8 47.1 17.6 4.0 — — — — — — — — —

40.0 20.0 2.5 32.6 13.7 1.0 41.6 18.7 2.9 — — — — — — 39.7 32.5 0.1

50.0 10.0 10.0 46.9 4.1 10.7 52.9 12.2 8.8 — — — 25.5 2.1 37.9 — — —

50.0 10.0 7.5 46.5 6.0 6.9 52.8 13.6 7.1 — — — — — — — — —

50.0 12.5 5.0 46.5 8.0 3.6 54.2 15.9 5.5 — — — — — — — — —

50.0 12.5 2.5 47.4 9.5 1.8 56.0 17.8 3.7 — — — — — — — — —

60.0 10.0 10.0 57.6 4.1 11.4 62.0 13.2 8.2 — — — � � � — — —

60.0 10.0 7.5 57.7 5.3 7.6 61.7 14.2 7.0 — — — — — — — — —

60.0 12.5 5.0 56.8 7.4 4.0 62.1 16.2 5.3 — — — — — — — — —

60.0 12.5 2.5 57.3 9.3 1.7 63.0 18.1 3.5 — — — — — — — — —

70.0 10.0 10.0 70.6 4.3 11.5 70.3 14.2 7.6 — — — � � � — — —

70.0 10.0 7.5 70.3 5.6 7.6 69.6 14.6 6.3 — — — — — — — — —

70.0 12.5 5.0 70.2 7.2 4.3 70.1 15.6 5.0 — — — — — — — — —

70.0 12.5 2.5 69.5 9.4 1.8 69.8 18.2 3.6 — — — — — — — — —

nd: not determined
��þ � ?

Table 2 Partition coefficient Kx
� 0=� (¼ Cx

� 0=Cx
� ) of each element in

Co-xNi-10Al-7.5W at 900�C.

Specimen Partition Coefficient KX
� 0=� ¼ CX

� 0=CX
�

Co-xNi-10Al-7.5W Co Ni Al W

10Ni 0.90 1.08 1.24 1.86

20Ni 0.88 1.12 1.41 1.56

30Ni 0.79 1.18 1.66 1.41

40Ni 0.74 1.15 1.99 1.17

50Ni 0.65 1.13 2.26 1.03

60Ni 0.58 1.07 2.65 0.92

70Ni 0.57 0.99 2.63 0.84
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Figure 4 shows the typical DSC heating curves obtained
from Co-30Ni-10Al-10W alloy after solution-treatment at
1300�C for 24 hours in comparison with Co-10Al-10W
ternary alloy. There are endothermic peaks corresponding to
� 0 solvus and solidus temperatures described as (� þ � 0 ! �)

and (� ! � þ liquid) reactions, respectively. Both the
transition temperatures are defined as the end temperatures
of the peaks during heating in this study and those of (80–
x)Co-xNi-10Al-10W and (82.5–x)Co-xNi-10Al-7.5W alloys
are plotted as a function of Ni content in Fig. 5(a). The � 0

solvus temperature increases with increasing Ni content
while the solidus temperature is hardly affected by the Ni
content. It is also observed that the � 0 solvus temperature
increases with increasing W content from 7.5 at% to 10 at%.

The vertical section diagram of Co-(10–70)Ni-10Al-W,
which was obtained by the DSCmeasurements, and the phase
boundary determined by EPMA in Table 1 and Fig. 2 is
shown in Fig. 5(b), where the solid and open symbols
indicate the data from DSC and EPMA, respectively. It is
seen that the �=� þ � 0 boundary monotonously increases
with increasing Ni andW contents and that the substitution of
Ni for Co is effective to increase the � 0 solvus temperature, at
least at the fixed Al content of 10 at%, except for the 70Ni
alloys with low W content.

3.2 Microstructure and lattice parameter
Figure 6 shows FE-SEM images of the microstructure of

(82.5–x)Co-xNi-10Al-7.5W alloys (x ¼ 10, 40, 50 and 60)
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annealed at 900�C for 168 hours. The 10Ni alloy shows
cuboidal � 0 precipitates 200–300 nm in size, and the
morphology becomes spherical as Ni content increases. It
is known that the morphology is affected by the lattice
mismatch between the matrix and the precipitate; the � 0

precipitates are formed as spheres at a 0%–0.2% mismatch,
as cubes at about 0.5%–1.0% and as plates at above about
1.25% in Ni-based superalloys.17) In order to clarify the
origin of the morphological change dependent on the Ni
content, XRD examination was carried out.

Since fundamental reflection lines of the � and � 0 phases
obtained by the XRD technique overlap in Co-Ni-Al-W
alloys due to the close lattice parameters, two alloys with
equilibrium compositions in each (82.5–x)Co-xNi-10Al-
7.5W two-phase alloy listed in Table 1 were prepared to

determine the lattice parameters for the � and � 0 phases, the
alloys being cold-rolled and subsequently annealed at 900�C
for 168 hours. Although only a small amount of the � phase
was observed in some � 0 phase specimens, the lattice
parameter of each phase could be determined. Figure 7
shows XRD profiles of (a) Co-27.7Ni-7.3Al-6.0W and (b)
Co-32.6Ni-12.1Al-8.4W alloys, corresponding to the equi-
librium compositions of Co-30Ni-10Al-7.5W alloy at 900�C.
Several ordering reflections from the L12 structure are seen
in Co-32.6Ni-12.1Al-8.4W alloy having an almost � 0 single-
phase structure with only a small amount of the � phase. The
lattice parameter ax for the � and � 0 phases determined by the
above method are listed in Table 3 and plotted in Fig. 8 with
the lattice mismatch � between the � and � 0 phases which is
defined as � ¼ 2ða� 0 � a�Þ=ða� 0 þ a�Þ. The lattice parameters
of both the � and � 0 phases decrease with increasing Ni
content, and the lattice mismatch also decreases from
0.4184% to 0.1958%.

Lattice parameters generally increase by the addition of
solute atoms with larger atomic radius, and in fact, the lattice
parameters of the �-Co and the �-Ni solid solutions increase
by the addition of Al and W,18,19) whose atomic radius is
larger than that of Co and Ni. The lattice parameter change
by the addition of Al and W in Co binary and Ni binary alloys
is þ2:24� 10�4 nm/at% (Co-Al),18) þ1:94� 10�4 nm/at%
(Ni-Al),19) þ3:52� 10�4 nm/at% (Co-W)18) and þ4:48�
10�4 nm/at% (Ni-W),19) which suggests that W more greatly
affects the lattice parameter than Al. It has also been reported
that the lattice parameter linearly decreases with increasing
Ni content in Co-Ni alloy with the slope of �0:22�
10�4 nm/at%,20) obeying Vegard’s law. Based on these
previous data and the phase equilibria obtained in this
study, it is considered that the decrease in the lattice
parameters of the � and � 0 phases by the addition of Ni is
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predominantly influenced by the substitution of Ni for Co and
that the decrease in the lattice mismatch between the � and � 0

phases is mainly attributable to the fact that W tends to
distribute to the � phase with increasing Ni content, in
contrast to Al, as shown in Fig. 3(a).

Consequently, it is obvious that the variation of the
morphology of the � 0 phase in Fig. 6 is due to the change of
the mismatch between the � matrix and � 0 precipitate as
shown in Fig. 8.

4. Conclusions

Phase equilibria and microstructure on the � 0 phase were
examined in the Co-Ni-Al-W quaternary system. The results
can be summarized as follows:
(1) The phase equilibria at 900�C were determined in the

Co-(10–70)Ni-Al-W system, focusing on the � and � 0

phases. The � 0 phase continuously exists from the Co
side to the Ni side in the Co-Ni-Al-W system and the
� 0 þ � two-phase is broadened with increasing Ni
content.

(2) The partition of Al to the � 0 phase increases while theW
tends to be distributed to the � phase with increasing Ni
content.

(3) The � 0 solvus temperature monotonously increases with
increasing Ni content in the Co-xNi-10Al-7.5W and
Co-xNi-10Al-10W alloys, although the solidus temper-
ature is hardly affected by the Ni content.

(4) The lattice parameters of the � and � 0 phases in Co-(10–

70)Ni-Al-W alloys decrease with increasing Ni content.
The lattice mismatch between the � and � 0 phases also
decreases with increasing Ni content and the range of
the mismatch is approximately between 0.2 and 0.4.

(5) The morphology of the � 0 precipitates in the � matrix
structure is cuboidal in low Ni alloys, while it shows
spheres with increasing Ni content, particularly over
50 at%Ni, which is due to the decrease in the lattice
mismatch originating from the partition change of Al
and W.
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Table 3 Lattice parameter ax of the � and � 0 phases, which was obtained in specimens having the equilibrium composition for Co-xNi-

10Al-7.5W alloys at 900�C, and the lattice mismatch � between the � and � 0 phases.

Specimen (Equilibrium Specimen (Equilibrium

Co-xNi-10Al-7.5W
Composition at � Phase)

a�/nm
Composition at � 0 Phase)

a� 0/nm � (%)
(at%) (at%)

Ni Al W Ni Al W

10Ni 9.7 8.7 5.4 0.3578 10.5 10.8 9.9 0.3593 0.4184

30Ni 27.7 7.3 6.0 0.3576 32.6 12.1 8.4 0.3587 0.3071

50Ni 46.5 6.0 6.9 0.3573 52.8 13.6 7.1 0.3582 0.2516

70Ni 70.3 5.6 7.6 0.3572 69.6 14.6 6.3 0.3579 0.1958
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Fig. 8 Lattice parameters of the � and �0 phases determined in the

specimens with compositions equilibrated for Co-xNi-10Al-7.5W alloys at

900�C and the lattice mismatch. The compositions of the specimens are

listed in Table 3.
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