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The effect of Ni on microstructure, elemental partition behavior, γ′ phase solvus temperature, lattice misfit between γ and γ′
phases, and mechanical properties of the Co-8Ti-11V-xNi alloys was investigated. The result shows that the lattice misfit in the
alloys decreases from 0.74% to 0.61% as the Ni content increases from 0 to 10%, and the average sizes of the cuboidal γ′ phase
were measured to be 312.10 nm, 112.86 nm, and 141.84 nm for the Co-8Ti-11V, Co-8Ti-11V-5Ni, and Co-8Ti-11V-10Ni,
respectively. Ti, V, and Ni exhibit a slight tendency to partition into the γ′ phase, while Co shows a slight tendency to partition
into the γ phase. The solvus temperatures of the γ′ phase were measured to be 1167°C, 1114°C, and 1108°C for the Co-8Ti-11V,
Co-8Ti-11V-5Ni, and Co-8Ti-11V-10Ni alloys, respectively, by using differential scanning calorimetry (DSC). Moreover, the
yield strength and ultimate strength of the Co-8Ti-11V, Co-8Ti-11V-5Ni, and Co-8Ti-11V-10Ni alloys were investigated, and
the yield strength and ultimate strength of the 10Ni alloy were highest, at 219MPa and 240MPa. After compression at 1000°C,
the dislocations cannot effectively shear the γ′ phase in the 0Ni and 10Ni alloys, resulting in a relatively high compressive
strength of the 0Ni and 10Ni alloys. However, the γ′ phase of the 5Ni alloy is no longer visible, and its strength is the lowest.

1. Introduction

The superalloys, which are normally used in the industrial
environments with elevated temperature and high pressure,
can be divided into three classes named as nickel-based,
cobalt-based, and iron-based superalloys [1, 2]. Among vari-
ous types of superalloys, the nickel-based superalloys rein-
forced by the coherent ordered L12 structure phase are
more widely utilized in modern industries than the other
two types [3–5]. However, the carbide-strengthened Co-
based superalloys exhibit higher incipient melting tempera-
ture and better corrosion resistance than the Ni-based super-
alloys. But it is believed that the lack of GCP phases in
traditional carbide-strengthened Co-based superalloys leads
to their inferior high-temperature strengths [6–13].

In 2006, Sato et al. reported γ/γ′-strengthened Co-Al-W-
based superalloys, which possess some outstanding proper-

ties [14]. The discovery of the Co-Al-W-based superalloy
indicated a promising candidate for high-temperature appli-
cations. However, some researchers found the γ′ phase in the
Co-Al-W ternary alloy was metastable [15]. It needs to incor-
porate some alloying elements like Ni, Ti, B, and Cr to
improve thermal stability [16–18]. The γ′-Co3(Al, W) in
the ternary Co-Al-W system has a relatively low solvus tem-
perature [19]. Other research tried to increase the volume
fraction of the γ′ phase by increasing the contents of W ele-
ment, resulting in an increase in the mass density of the alloys
[20–22]. Since then, most research studies have focused on
replacing some of the W with various refractory elements,
such as Ta and Nb [14, 23], which can stabilize the γ′ phase,
increase the γ′ phase solvus temperature, and improve the
high temperature strength. Also, the Ni element was added
to the Co-Al-W ternary system, which has been found to sta-
bilize the γ′ phase [24]. Following the discovery that the γ/γ′
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two-phase structure of the Co-Al-Mo-Nb alloy by Makineni
et al. [25–28], some research studies have focused on W-
free Co-based superalloys with γ/γ′ strengthening. The
L12-ordered phases were discovered in other Co-based
superalloys, such as Co-V, Co-Ti, and Co-Ta systems [29–
32]. However, among these Co-based systems, only the γ′
phase in the Co-Ti system is considerably stable [33]. In the
past, some ternary systems have been identified to exhibit
ordered L12 structure γ′ phase, such as the Co-Ti-Cr ternary
system and Co-Ti-V ternary system [34, 35]. The mass den-
sity of Co-Ti-Cr alloys hardened by the γ′ phase is about 14%
lower than that of a typical Co-Al-W alloy and has a small
lattice misfit between γ and γ′ and a higher γ′ phase volume
fraction [34]. Recently, Ruan et al. reported the effects of Al
and Ni on the microstructure, phase stability, and high-
temperature mechanical properties of Co-Ti-V alloys [36].

In this study, three Co-Ti-V alloys with different Ni con-
tents were prepared, and the effects of Ni in microstructure,
elemental partition behavior, lattice misfits between γ and γ
′ phases, and mechanical properties of the Co-Ti-V-based
superalloys were investigated.

2. Materials and Methods

Experimental alloys with 80 g in weight were prepared from
high-purity Co (99.9wt %), Ti (99.9wt %), V (99.95wt %),
and Ru (99.9wt %) in a vacuum arc furnace. The cast ingots
were turned over and remelted 5 times to achieve the compo-
sition homogeneity. Then, the experimental alloys were put
into quartz capsules and filled with argon gas. The nominal
compositions of the three experimental alloys are listed in
Table 1. In this study, there are three experimental alloys
defined as 0Ni, 5Ni, and 10Ni, respectively.

The cast materials were solutionized at 1100°C for 48h
and aged at 870°C for 72h under an argon atmosphere. To
obtain the best mechanical properties and investigate the mor-
phologies of the γ′ phase, the samples were quickly quenched
into ice water after the heat treatment. The microstructural
morphology was investigated by using scanning electron
microscopy (SEM) (Zeiss Merlin Compact), which was oper-
ated at 10kV. The samples were mechanically polished and
then electroetched in a solution of HNO3 (vol.
5%)+CH3COOH (vol. 15%)+distilled water (vol. 85%) for a
few seconds before observations. The Image-Pro Plus 6.0 soft-
ware was used to calculate the average sizes of the γ′ phase.
The γ/γ′ two-phase lattice misfits were investigated by X-ray
diffraction (XRD-6000) analysis, using CuKα radiation at
40kV and 40mA. The tested powders were machined from
bulk materials. The curves were fitted by using the data analy-
sis and technical graphing software Origin Pro 9.1. Details of
the microstructure and partitioning behavior of each element
were obtained by using a transmission electron microscope
(JEM-2100F TEM) equipped with the Oxford-80T energy
spectrometer (EDS). Thin foil specimens for TEM analyses
were prepared by twin jet electropolishing in a solution of
HClO4 (vol. 5%)+CH3CH2OH (vol. 95%), and the voltage
was 19V and the temperature was -30°C, respectively.

Besides, the high-temperature compression tests were
performed through a Gleeble-3800 thermal simulator, which
is equipped with the strain rate of 3 × 10−4 s−1 and a heating
rate of 10°C/s at 1000°C. The compression samples were
made the shape with a Φ6mm × 9mm rod by wire cutting.
The solvus temperature of the γ′ phase was examined though
differential scanning calorimetry (DSC) with an argon atmo-
sphere at a heating rate of 20°C/min.

3. Results and Discussions

3.1. Morphologies of the γ′ Phase. Figure 1 shows scanning
electron microscopy (SEM) micrographs for ternary Co-8Ti-
11V, quaternary Co-8Ti-11V-5Ni, and quaternary Co-8Ti-
11V-10Ni, which indicates the presence of cuboidal γ′-L12
precipitates after being electroetched. The SEM micrograph
of the 0Ni alloy is shown in Figure 1(a), which possesses large
size and high volume fraction of the γ′ phase. Figure 1(b) is a
SEM micrograph of the 5Ni alloy, showing a uniform cuboidal
shape of the γ′ phase, and the size of the γ′ precipitates was
distributed in a large scatter. It is obvious that the coarsening
behavior of the γ′ phase was restrained by the adding of
5%Ni, and the 5% Ni alloy possesses smaller size and low vol-
ume fraction of the γ′ phase. A more uniform cuboidal shape
of the γ′ phase is shown in Figure 1(c). The average sizes of
the γ′ phase were measured to be 312.10nm, 112.86nm, and
141.84nm for the 0Ni, 5Ni, and 10Ni alloys, respectively, by
using the Image-Pro Plus 6.0 software. The results indicate that
adding Ni content can retard the coarsening behavior of the γ′
phase. Meher et al. [37] measured the coarsening behavior of
Co-10Al-10W at 800°C. Pandey et al. [38] and Wang et al.
[39] also reported that the coarsening behavior of the γ′ phases
was limited by adding Re.

3.2. The Lattice Misfit between γ and γ′ Phases. The lattice
misfit between γ and γ′ phases was calculated by X-ray dif-
fraction analysis with different components of alloys. The
data were measured in the range of 2θ from 49° to 52.5°,
and a scanning speed of 0.125°/min was selected for XRD
testing. Figure 2 shows the X-ray diffraction (200) peaks of
the 0Ni, 5Ni, and 10Ni alloys. The lattice constant of γ and
γ′ and lattice misfit between γ and γ′ in the alloys 0Ni,
5Ni, and 10Ni were measured, which are shown in Table 2.

As can be seen from Figure 2, compared with the 0Ni
alloy, the diffraction peak of the γ′ phase of the 5Ni alloy
was slightly right shifted, indicating that the lattice constant
of the γ′ phase in the 5Ni alloy dropped, which decreases
the lattice constant gap between the γ and γ′ phases of the
5Ni alloy. Compared with the other two alloys, the diffraction

Table 1: The nominal composition of the experimental alloy (at. %).

Alloy Co Ti V Ni

Co-8Ti-11V Bal. 8 11 0

Co-8Ti-11V-5Ni Bal. 8 11 5

Co-8Ti-11V-10Ni Bal. 8 11 10
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peak of the γ′ phase of the 10Ni alloy was further right, thus
further decreasing the lattice constant of the γ′ phase of the
10Ni alloy, and the lattice constant gap between γ and γ′ also
decreased.

For the 0Ni alloy, the lattice constant of the γ′ phase is
0.3611 nm and the lattice constant of the γ phase is
0.3584 nm, so the lattice misfit is 0.74%.When the Ni content
increases to 5%, the lattice constants of γ′ and γ in the 5Ni
alloy are 0.3607 nm and 0.3583 nm, respectively. So the lattice
misfit between γ and γ′ phases is 0.68%. Compared to the
0Ni alloy, the lattice misfit in the 5Ni alloy decreases. The lat-
tice constants between γ′ and γ phases of the 10Ni alloy are
0.3593 nm and 0.3571 nm, respectively, and the lattice misfit
between γ and γ′ phases is 0.61%. Compared to the 0Ni and
5Ni alloys, the lattice misfit in the 10Ni alloy decreased. The
result shows that the lattice misfit between γ and γ′ phases
decreases with increasing Ni content.

The lattice parameter misfit of Co-Ti-1Re, Co-Ti-3Re,
and Co-Ti-5Re alloys when aged at 800°C for 24 h were
72%, 0.58%, and 0.50%, respectively [40]. The lattice misfit
between γ and γ′ phases of Co-9.2Al-9W-based superalloys
was 0.53% [14], while this study measures the lattice misfit
of the Co-8Ti-11V alloy which is 0.77%. There is a large lat-
tice misfit between the γ phase and the γ′-Co3Ti phase of the
alloys reinforced by γ′-Co3Ti [41, 42]. Shinagawa et al.
reported that as the Ni contents increase from 10% to 60%,
the lattice misfit between γ and γ′ phases decreases [43].
Besides, the atomic radius of Ti is greater than that of the
Al and W elements, so the lattice constant of the γ′ phase
increases, resulting in an increase in the lattice misfit.

3.3. Microstructure and Partitioning Behavior. Figure 3 shows
bright-field TEM images of the 0Ni, 5Ni, and 10Ni alloys.
The dual size of the γ′ precipitates is observed in
Figures 3(a)–3(d), respectively. The larger γ′ precipitates
are cubical or trigonal in shape, and the fine γ′ precipitates
are spherical particles distributed in the γ matrix channels.
They are distributed throughout the γ matrix homoge-
neously. A selected area diffraction pattern (SADP) is shown
in Figure 3(e), the superlattice diffraction spot of the (110)
plane indicated an ordered L12 structure, and the spherical
particles of the precipitates were identified as the L12-ordered
γ′ phase (Co3Ti, PDF no. 23-0938). The average sizes of fine
spherical γ′ precipitates were measured to be 18.09 nm,
16.95 nm, and 17.89 nm for the 0Ni, 5Ni, and 10Ni, respec-
tively, by using the Image-Pro Plus 6.0 software. However,
compared with the other two alloys, the 5Ni alloys possess
low volume fraction of the γ′ phase.

Figure 4 shows the XRD patterns of alloys with varied Ni
contents. The XRD pattern of each alloy has three distinct
peaks, in which crystal indices were identified as the (1 1 1),
(2 0 0), and (2 2 0) planes, respectively. There is no other
phase at the XRD patterns except for the typical two-phase
microstructure γ′ phase and γ matrix phase.

The partitioning behaviors of the elements of the alloys
with different components were analyzed by EDS equipped
with TEM. Table 3 shows the partitioning situation of the ele-
ments between γ and γ′ in the alloy. The partitioning coeffi-
cient Kx is defined as Kx = Cγ′−x/Cγ−x, where Cγ′−x and Cγ−x

are the concentration of element X in the γ′ phase and the γ
phase, respectively. Element X tends to partition into the γ′

500 nm

(a)

500 nm

(b)

500 nm

(c)

Figure 1: SEMmicrograph of the (a) 0Ni alloy, (b) 5Ni alloy, and (c) 10Ni alloy, after solution treatment for 48 h at 1100°C followed by aging
treatment for 72 h at 870°C. The samples were electroetched.
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phase when Kx > 1, while element X tends to partition into
the γ phase when Kx < 1 [36].

It can be calculated that the partitioning coefficient of the
Co element was less than 1, so the Co element tends to parti-
tion into the γ phase more than into the γ phase. The parti-
tioning coefficient of Ti, V, and Ni elements was greater
than 1, tending to partition into the γ′ phase, and the Ti, V,

and Ni elements were enriched in the γ′ phase. The parti-
tioning coefficients of each element between γ and γ′ phases
are shown in Figure 5. From the figure, the partitioning coef-
ficient of the Co, V, and Ni element was relatively stable.
When the Ni contents increase to 5%, the partitioning coeffi-
cients of the Ti element drop to a minimum. However, when
the Ni contents increase to 10%, the partitioning coefficients
of the Ti element increase. The results show that the Ti
element partitioning into the γ′ phase was restrained for
the 5Ni alloy and the Ti element partitioning into the γ′
phase was promoted for the 10Ni alloy. The alloying
elements like Ti, Cr, Nb, Mo, Ta, W, and Ni were usually
chosen for alloying additions in Ni-based and Co-based
superalloys, due to the fact that they are often added to alloys
for various properties such as γ′ phase stability and oxidation
resistance [44–46].
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Figure 2: The X-ray diffraction (200) peaks obtained from (a) 0Ni alloy, (b) 5Ni alloy, and (c) 10Ni alloy aging treatment for 72 h at 870°C
after solution treatment for 48 h at 1100°C.

Table 2: Lattice constants and lattice misfit between γ and γ′ phases
of alloys with different Ni contents.

Alloys aγ′ (nm) aγ (nm) δ (%)

Co-8Ti-11V 0.3611 0.3584 0.74

Co-8Ti-11V-5Ni 0.3607 0.3583 0.68

Co-8Ti-11V-10Ni 0.3593 0.3571 0.61
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A TEM image and elemental mappings for the γ′ cuboi-
dal precipitates of the 0Ni alloy are shown in Figure 6. As
seen in Figure 6, Ti and V elements tend to be concentrated
in the γ′ phase and enriched in the γ′ phase, whereas Co
tends to partition to the γ matrix phase and is slightly
enriched in the γ phase. Omori et al. reported that Ti, Nb,
Mo, Ta, and W tend to partition into the γ′ phase, while

the Cr element tends to partition to the γ phase, which is
similar to that of Co-Al-W-based superalloys [46]. The Al
element was distributed nearly uniformly in both γ and
γ′ phases; however, the V element tends to partition into
the γ′ phase, which is similar to that of Co-Al-W-X
superalloys [46].

3.4. The Solvus Temperature of the γ′ Phase. Figure 7 shows
the DSC heat curves of 0Ni, 5Ni, and 10Ni alloys, respec-
tively. The T solvus‐γ′ means the solvus temperature of the γ′
phase. The Tsolvus‐γ′ of 0Ni, 5Ni, and 10Ni alloys was deter-
mined to be 1167°C, 1114°C, and 1108°C, respectively. The
result shows that Tsolvus‐γ′ of alloys decreases as the Ni con-
tent increases. The solvus temperature of the γ′ phase in
the Co-9.2Al-9W ternary system is 1263K [14], and the sol-
vus temperature of the γ′ phase in the Co-9Al-9W alloy is
1000°C [5]. The Tsolvus‐γ′ of alloys 0Ni, 5Ni, and 10Ni is
higher that of Co-9.2Al-9W by 177°C, 124°C, and 118°C,
respectively. The Tsolvus−γ′ of alloys 0Ni, 5Ni, and 10Ni is
higher than that of Co-9Al-9W by 167°C, 114°C, and
108°C, respectively. The solvus temperature of the γ′ phase
in the Co-5Ti-15V alloy is 1091°C [36]; the solvus tempera-
ture of the γ′ phase in the Co-8Ti-11V alloy is higher that
of Co-5Ti-15V by 76°C. And Al is found to increase the
Tsolvus‐γ′ by 21°C, but Ni is found to decrease the Tsolvus‐γ′
by 9°C [33]. The Tsolvus‐γ′ of the Ni-based superalloy IN-

939 is 1100°C [47], while the Tsolvus‐γ′ of the Co-8Ti-11V

200 nm 100 nm

Tiny γ' and γ γ'

(a) (b)

(c)

(e)

(d)
200 nm

Tiny γ' and γ 

γ'

Tiny γ' and γ 

200 nm

γ'

201
220

110
111

5 nm-1

000

[112]

Figure 3: Bright-field TEM images of the (a, b) 0Ni alloy, (c) 5Ni alloy, and (d) 10Ni alloy and (e) SADP of cubical γ′ in 5Ni alloy aging
treatment for 72 h at 870°C after solution treatment for 48 h at 1100°C.
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Figure 4: The XRD patterns of the 0Ni, 5Ni, and 10Ni alloys.
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alloy is higher than that of the Ni-based superalloy IN-939 by
67°C.

3.5. Mechanical Properties. Figure 8 shows the high-
temperature compression curves and histogram of 0Ni,
5Ni, and 10Ni alloys after high-temperature compression
tests at 1000°C. As can be seen in Figure 8, the yield strength
and ultimate strength of the 10Ni alloy were at the
maximum, at 219MPa and 240MPa, respectively. The yield
strength and ultimate strength of the 0Ni alloy were
176MPa and 235MPa, respectively, which were similar to
those of the Co-5Ti-15V alloy [36]. Compared with the
other two alloys, the yield strength and ultimate strength of
the 5Ni alloy were the smallest, which were only 105MPa
and 131MPa, respectively. In general, there is a close
relationship with the lattice misfit, the volume, and the size
of the γ′ phase, the partitioning behavior of the elements in
the alloy, and the high-temperature mechanical properties
of the alloy [48, 49]. Adding γ′ phase stabilization elements
to the alloy would increase the volume fraction of the γ′
phase [36], which improves the high-temperature
mechanical properties of the alloy. In this study, the Ni
element exhibits a slight tendency to partition into the γ′
phase and is enriched in the γ′ phase, so the mechanical
properties of the 10Ni alloy were better than those of the
other two alloys.

3.6. Compression Deformation. There is a key relationship
between dislocation deformation and mechanical properties
of alloys. Figure 9 shows the bright-field TEM and SEM
images of the alloy with varied Ni contents after high-
temperature compression tests. There are a considerable
number of dislocations in the γ′ phase of the 0Ni alloy. The
γ′ phase is sheared by the dislocations, as shown in
Figure 9(a). Figure 9(b) shows that the morphology of the γ
′ phase in the alloy has been changed, which indicated that
the large cubical γ′ has been repeatedly cut by dislocations.

Table 3: Equilibrium compositions of the alloy with different Ni
contents.

Alloys Co (%) Ti (%) V (%) Ni (%)

Co-8Ti-11V
γ 87.97 3.30 8.73 —

γ′ 78.95 8.11 12.95 —

Co-8Ti-11V-5Ni
γ 82.72 2.82 10.17 4.29

γ′ 75.36 6.23 13.48 4.93

Co-8Ti-11V-10Ni
γ 77.22 2.49 9.87 10.42

γ′ 68.31 6.47 13.56 11.66
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Figure 8: High-temperature compression curves and histogram of 0Ni, 5Ni, and 10Ni alloys of high-temperature compression tests at 1000°C.
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Figure 9: Bright-field TEM and SEM images of the (a, b) 0Ni alloy, (c, d) 5Ni alloy, and (e, f) 10Ni alloy after high-temperature compression
tests at 1000°C.
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Thereby, there seem many fine particles on the surface of
large γ′. These morphologies were the results of dislocation
cutting the large γ′. So the γ′ phase has a certain strengthen-
ing role in the alloy. In Figure 9(c), the dislocation glide in the
γ phase in the 5Ni alloy and the morphologies of the γ′ phase
could not be seen under the effect of temperature and stress,
as shown in Figure 9(d). In this manner, the γ′ phase cannot
play a remarkable strengthening role. Therefore, the high-
temperature compression performance of the 5Ni alloy is
poor. Figure 9(e) shows that not only do a large number of
dislocations exist in the γ′ phase of the 10Ni alloy but also
some stacking faults appear in the γ phase matrix channels.
But the shape of the γ′ phase changed, and the size is rather
small compared to that in the 0Ni alloy. The volume faction
of the γ′ phase dropped remarkably compared to the alloy
prior to the compression test, as shown in Figure 9(f). For
the Co-30Ni alloy that has a high content of Ni, the disloca-
tions easily shear the γ′ precipitates [50]. The massive dislo-
cation tangles around the γ′ precipitates indicating that the
γ′ is effective in retarding dislocation movement. The surface
of retained γ′ is smooth, indicating that the γ′ particle is hard
to be cut by dislocation. And although the γ′ phase of the
alloy becomes significantly smaller and the volume fraction
dropped, the γ′ phase in the 10Ni alloy still can play a key
strengthening role. The strengthening effect of γ′ in the
10Ni alloy is better than that in the 0Ni alloy which may
result from the higher Ti concentration induced by more
Ni alloying, which is illustrated in Figure 5.

4. Conclusions

In conclusion, the effects of Ni on microstructure, elemental
partition behavior, phase transition temperature, lattice mis-
fit between γ and γ′ phases, and mechanical properties of the
0Ni, 5Ni, and 10Ni alloys were investigated. The lattice misfit
between γ and γ′ phases of the alloys decreases from 0.74%
to 0.61% as the Ni contents increase from 0 to 10%. There
is a dual-size γ′ precipitate phase in the alloys. The larger
precipitate was cuboidal in shape, and the average sizes of
the γ′ phase were measured to be 312.10 nm, 112.86 nm,
and 141.84 nm for the 0Ni, 5Ni, and 10Ni, respectively. The
smaller γ′ precipitates were spherical particles with an aver-
age size of 18.09 nm, 16.95 nm, and 17.89 nm for the 0Ni,
5Ni, and 10Ni, respectively. Ti, V, and Ni exhibit a slight ten-
dency to partition into the γ′ phase, while Co shows a slight
tendency to partition into the γ phase. The solvus tempera-
tures of the γ′ phase were measured to be 1167°C, 1114°C,
and 1108°C for the 0Ni, 5Ni, and 10Ni alloys, respectively,
by using differential scanning calorimetry (DSC), and the sol-
vus temperature of the γ′ phase decreases as the Ni content
increases. The yield strength of the 0Ni, 5Ni, and 10Ni alloys
is about 176MPa, 105MPa, and 219MPa, respectively. And
ultimate strength of the 0Ni, 5Ni, and 10Ni alloys is about
235MPa, 131MPa, and 240MPa, respectively. The yield
strength and the ultimate strength of the 10Ni alloy are the
highest. The γ′ phase can play a certain strengthening role

in the 0Ni and the 10Ni alloy; thus, the high-temperature
compressive strength of the 0Ni and 10Ni alloys is relatively
high. However, the γ′ phase of the 5Ni alloy is no longer vis-
ible; thereby, it cannot play a good strengthening role; conse-
quently, its strength is the lowest.
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