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Novel Co-based superalloys, as potentially ideal aero-engine hot section materials, have a
higher temperature bearing capacity and better oxidation resistance than Ni-based
superalloys. Coarsening evolution of γ′ phase and failure mechanism of Co-Ni-Al-Ti-
based superalloys during the isothermal aging process at 1073 K were investigated using
multiple characterizations and testing methods. The results show that γ′ phase is uniformly
distributed on the γ phase matrix, and coarsening with the increase in isothermal aging
time, which results in a decrease in maximum tensile strength. Furthermore, Mo element is
preferred to distribute in γ′ phase and provides stronger solution strengthening effect than
Cr element, which determines more excellent mechanical properties of 2Mo superalloy
than that of 2Cr superalloy. The coarsening rate of γ′ phase in the 2Cr superalloy is
significantly higher than that in the 2Mo superalloy. Grain boundary failure is dominant in
isothermal aging, and the cracks nucleate and expand along the vertical direction of
loading stress on the grain boundary. The current work suggests that the coarsening of the
γ′ phase, reduction in the volume fraction of γ′ phase, and formation of ′-precipitate
depleted zone (PDZ) near the grain boundary during aging controls the deterioration of
mechanical properties in Co-Ni-Al-Ti-based superalloys.
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INTRODUCTION

Superalloys, as key structural materials in the aerospace field, have been widely used in aerospace
engines and gas turbines (Jiang et al., 2020; Gao et al., 2021a; Gao et al., 2021b; Gao et al., 2022).
Beforehand, Ni-based superalloys are the most successfully applied superalloys in this field
(Pandey et al., 2021). Due to the not quite high melting point, improvement in the high
temperature bearing capacity of Ni-based superalloys is severely restricted (Gao et al., 2021c; Xu
et al., 2021a; Xu et al., 2021b). Traditional Co-based superalloys are dependent on solution
strengthening and carbide strengthening, and lack of ordered L12-γ′ phase precipitation
strengthening widely present in Ni-based superalloys, which results in poor mechanical
properties at high temperatures (Feng et al., 2021; Lu et al., 2021). Until 2006, when Sato
et al. (2006) first reported the discovery of novel Co-Al-W-based superalloys with ordered L12-γ′
phase strengthening. The higher melting point, better oxidation resistance, and mechanical
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properties of novel Co-based superalloys have been proven
against that of Ni-based superalloys (Zhou et al., 2020; Chen Z.
et al., 2021).

Whereas the high content of W addition in the Co-Al-W
superalloy leads to a relatively high density and makes it
impractical to apply in the aerospace field (Singh et al.,
2021). Therefore, W-free novel Co-based superalloys with
order γ′ phase, such as γ′-Co3Al (Omori et al., 2006), γ′-
Co3Ti (Zenk et al., 2017; Yoo et al., 2019), and γ′-Co3Ta (Wang
et al., 2019; Chen et al., 2020), have been rapidly developed in
recent years. Guan et al. (2020a) studied the microstructure
and mechanical properties of CoNi-based superalloys after
being aged, and concluded that the addition of Ni, Ti, Ta
elements improved the stability of the γ′ phase. Nevertheless,
the high temperature stability of the γ′ phase in W-free novel
Co-based superalloys is an urgent problem. Liu et al. (2019)
reported that the addition of Mo reduces the yield strength of a
superalloy because the Mo element leads to the precipitation of
μ phase in Co-based superalloy, which reduces the mechanical
properties of the superalloy. However, Zhou et al. (2018)
proposed that the addition of the Mo element can change
interfacial energy, thus reducing the coarsening rate of the γ′
phase, and improving the high temperature stability of
superalloys. In addition, Cr elements prefer to be
distributed in the γ phase matrix (Chung et al., 2020), and
a large amount of Cr can reduce the volume fraction of γ′ phase
in superalloys, although it can greatly improve oxidation
resistance of superalloys (Chen et al., 2019; Chung et al.,
2020; Li W. et al., 2020). By studying the microstructure of
superalloys with different Cr contents, Ng et al. (2020) showed
that higher Cr content leads to precipitation of harmful μ
phase and deteriorates the mechanical properties of
superalloys. In order to obtain excellent high-temperature
stability and high-temperature mechanical properties, the
evolution of the γ/γʹ phase in Co-based superalloys has
been extensively studied (Zhou et al., 2018; Liu et al., 2019;
Li C. et al., 2020). It has been reported that during the
isothermal aging process of Co-based superalloys, the
volume fraction of the γ′ phase will increase to a certain
value and then plateau, the number density of the γ′ phase
will decrease, and the size of the γ′ phase will increase (Sauza
et al., 2019b; Li C. et al., 2020; Chen J. et al., 2021). Azzam et al.
(2018) found that the cubic γ′ phase precipitated in Co-9.1Al-
7W at% superalloys transformed into elongated colonies after
aging at 900°C for 100 h. Chen J. et al. (2021) studied the γ′
coarsening behavior by phase-field simulation, and believed
that ahigher volume fraction of the γ′ phase increased the
chemical potential difference between the precipitated phase
and matrix phase, resulting in a larger coarsening rate constant
of the γ′ phase. Sauza et al. (2019a) also found the γ′ phase
coarsening during the isothermal aging process of Co-Al-W-
Ni superalloy, and confirmed that it conforms to Lifshitz-
Slyozov-Wagner (LSW) coarsening model. Guan et al. (2022)
studied the deformation behavior of CoNi-based superalloys
with different heat treatment methods and found that with
increasing temperature, the deformation mechanism gradually
transitioned into the dislocation bypassing accompanied with

the superlattice intrinsic stacking faults (SISFs) shear. The
grain boundary and γ/γ′ two phase boundary are locations of
crack nucleation and propagation in Co-based superalloys
under stress (Wen et al., 2020). Some researchers (Guan
et al., 2020b) suggest that the addition of Ni and Ti
increases the coarsening rate of the γ′ phase, but the effect
of Cr and Mo on γ′ coarsening during isothermal aging and the
effect of γ′ coarsening on the failure mechanism of Co-based
superalloys have not been reported. Hence, the study of the
coarsening evolution of the γʹ precipitates and the failure
mechanism in novel Co-based superalloys is necessary for
better superalloy design and its performance optimization.

In this work, two Co-Ni-Al-Ti-based superalloys with Cr or
Mo addition were isothermal aged at 1073 K with different
holding times to investigate the microstructure evolution and
mechanical properties. The effects of Cr and Mo on the
microstructure evolution of Co-Ni-Al-Ti-based superalloys
were studied by scanning electron microscope (SEM), X-ray
diffractometer (XRD), and transmission electron microscope
(TEM). In addition, the temporal exponent of the γ′ phase
coarsening process and diffusion coefficients of Cr and Mo in
FCC-Co were calculated, and effect mechanisms of Cr and Mo
elements on the γ′ phase coarsening rate of two Co-Ni-Al-Ti-
based superalloys were also discussed.

MATERIALS AND METHODS

The Co-Ni-Al-Ti-based superalloys used in this study were
prepared by mixing and melting high purity metals including
Co. (99.95wt%), Ni (99.8wt%), Al (99.95wt%), Ti (99.95wt%), Cr
(99.8wt%), and Mo (99.95wt%) in a vacuum induction furnace.
Each ingot was inverted and re-melted 6 times to ensure
homogeneity, and subsequently measured using Inductive
Coupled Plasma-Optical Emission Spectrometry (ICP-OES).
The nominal and actual compositions of superalloys are
shown in Table 1, and named as 2Cr and 2Mo. Melted ingots
were homogenized at 1473 K for 4 h, and rolled into plates with a
thickness of 12 mm at 1423 K. The samples were cut by electro-
discharge machining and isothermal aging for 16, 64, 256, and
512 h at 1073 K in a Muffle furnace, respectively. In addition,
Differential Scanning Calorimetry (DSC) was also applied to
measure the γ′ phase solvus temperature with the aim to
analyze the effect of aging temperature on the volume fraction
of the γ′ phase, and the obtained results were also listed in
Table 1.

Isothermal aged samples were polished to a mirror surface on
a series of SiC paper, and then etched in 10% phosphoric acid
solution to observe the γ′ phase by scanning electron microscope
(SEM). X-ray diffraction (XRD) was performed using a
diffractometer equipped with Cu Kα radiation (λ =
0.154056 nm), and lattice misfit was calculated by XRD results.
A scanning range of 2θ degrees was set from 20° to 100° with a
scanning rate of 4°/min. The diffraction peak (111) is used for
peak fitting and lattice misfit calculation because the peak (111)
has sufficient strength. The microstructure of superalloys was
characterized by scanning electron microscope (SEM, ZEISS
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SUPRA 55) and transmission electron microscope (TEM). The
TEM samples were polished to a mirror surface using SiC paper
and perforated into 3 mm diameter holes, and the ion erosion was
used to further reduce sample thickness. The volume fraction and
size of γ′ phase in superalloys were analyzed by Image Pro
software on 20 SEM micrographs.

Vicker’s hardness was tested with a load of 5 Kg for 5 s, the
final result for each sample was the average value of ten
measurements, and standard deviation of these measurements

was taken as error. Meanwhile, a tensile test at room temperature
was conducted with dog-bone plate tensile samples with gauge
length of 10 mm and a loading initial strain rate of 2 mm/min.
Before the tensile test, all surfaces of samples had been polished
smooth with SiC paper, and elongation of the specimen was
measured manually.

RESULTS

Microstructural EvolutionDuring Isothermal
Aging
Figure 1 shows the hot-rolled TEM micrographs of two Co-Ni-
Al-Ti-based superalloys, the white fine γ′ phase and γ phase
matrix can be observed, and were further identified from selected
area electron diffraction (SAED) patterns. The SAED pattern

TABLE 1 | Chemical compositions (at%) and γ′ solvus temperature (K) of 2Cr and 2Mo superalloys.

Superalloys γ9 solvus
temperature (K)

Composition (at%)

Co Ni Al Ti Cr Mo

2Cr 1128 Nominal Bal 30.00 7.50 2.50 2.00 -
Actual Bal 29.86 7.34 2.54 2.03 -

2Mo 1162 Nominal Bal 30.00 7.50 2.50 - 2.00
Actual Bal 29.15 7.53 2.54 - 2.01

FIGURE 1 | Hot-rolled TEM micrographs of Co-Ni-Al-Ti-based
superalloys: (A) 2Cr, (B) 2Mo.

FIGURE 2 | XRD patterns of hot-rolled samples and after aging at
1073 K: (A) 2Cr, (B) 2Mo.
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shows that the crystal planes of the γ′ phases are parallel to the γ
phases respectively, which indicates that γ/γ′ phases are coherent
in hot-rolled samples. In addition, XRD patterns of hot-rolled
and isothermal aged samples are shown in Figure 2. The X-ray
incident angle corresponding to each diffraction peak in XRD
patterns have little difference in aged samples and hot-rolled
samples. Similar lattice structures and lattice parameters are bases
for the formation of coherent interfaces. By comparing the XRD
patterns of all specimens, the almost overlapping γ′ phase and γ
phase diffraction peaks confirmed the coherent relation is not
destroyed in the isothermal aging process (Yoo et al., 2019; Chen
et al., 2020; Chung et al., 2020). The phase boundary between γ
matrix phase and γ′ precipitated phase is a coherent phase
boundary, which plays a certain strengthening role for

mechanical properties in superalloys. There are no diffraction
peaks for other phases.

SEM micrographs of Co-Ni-Al-Ti-based superalloys after
isothermal aging at 1073 K with different times are shown in
Figure 3. Only the white L12-γ′ phase dispersed on the γ matrix
can be observed in isothermal aged samples. The morphology of
the γ′ phase in superalloys is driven by elastic energy and
interfacial energy, in which elastic energy is anisotropic and
interfacial energy is isotropic (Chen J. et al., 2021). Hence, the
morphology of the γ′ phase may be controlled by a change of
lattice misfit during isothermal aging. Besides, with an increase in
isothermal aging time, the γ′ phase is obviously coarsened, which
is harmful to the high temperature strength and stability of the
superalloys. Meanwhile, it can be observed that with an extension

FIGURE 3 | SEM micrographs of typical microstructures in Co-Ni-Al-Ti-based superalloys: (A–D) 2Cr for 16, 64, 256, and 512 h, and (E–H) 2Mo for 16, 64, 256,
and 512 h at 1073 K.
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of the isothermal aging time, the number of γ′ phases is decreased
gradually, due to the connection between γ′ phases. The HAADF
images in the [1 0 0] zone axis and elemental mapping for
cuboidal precipitates of superalloys isothermally aged 32 h at
1073 K are shown in Figure 4. The results show that Co prefers to
be distributed in the γ phase matrix, while Ni, Al, and Ti can be
observed in the γ′ phase. Cr tends to be distributed in the γ phase
matrix, while Mo is enriched in the γ′ phase but not obviously,
which is consistent with results of other references (Yoo et al.,
2019; Chen et al., 2020). Therefore, (Co, Ni)3 (Al, Ti) can be
confirmed as the component of the precipitated L12-γ′ phase in

current Co-Ni-Al-Ti-based superalloys, i.e., γ′-(Co, Ni)3 (Al, Ti)
formed.

The average size of γ′ phase in two superalloys after isothermal
aging are shown in Figure 5A, and it gradually increases with the
prolongation of the isothermal aging time. In the isothermal
aging process of Co-Ni-Al-Ti-based superalloys, the growth of
the γ′ phase consists of two stages: the first stage, which depends
on the diffusion of solute atoms, and the second stage, which
depends on merger of the γ′ phase (Ng et al., 2020). The average
size of the γ′ phase in two Co-Ni-Al-Ti-based superalloys are
similar during a short isothermal aging time, however, in 2Cr, it is

FIGURE 4 | The high-angle annular dark field (HAADF) images in the [1 0 0] zone axis and elemental mapping for the cuboidal precipitates using a TEM nanoprobe
of superalloys aged at 1073 K for 32 h: (A) 2Cr, and (B) 2Mo.
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obviously larger than in 2Mo after a long time of isothermal
aging. It is confirmed that the coarsening rate of the γ′ phase in
the 2Cr superalloy is higher than that in the 2Mo superalloy after
a long time aging. The volume fraction of the ′ phase during
isothermal aging is shown in Figure 5B. With aging time
increasing, the content of the γ′ phase gradually decreases.
This may be caused by high aging temperature (1073 K),
because the γ′ phase solvus temperatures of 2Cr and 2Mo
superalloys are 1128 and 1162 K as shown in Table 1,
respectively, and the aging temperatures are only lower by 55
and 89 K than the measured γ′ solvus temperature. Part of the γ′
phases dissolves when the samples are aged for a long time at a
higher temperature. In addition, similar results have been found
in other cases (Zhou et al., 2018; Gao et al., 2020). It is worth
noting that the volume fraction of the γ′ phase in 2Mo (29.2 ±
2%) is higher than that in 2Cr (19.2 ± 1%) which was isothermally
aged for 512 h, which may be due to Mo being more strongly
allocated to the γ′ phase than Cr (Zhang et al., 2018; Zhuang et al.,
2020).

In order to discuss the effect of alloying elements on the
morphology of the γ′ phase and mechanical properties of
superalloys, the peak profiles of XRD patterns were
approximated by Voigt distribution function, and lattice
parameters of the γ′ phase and γ phase were determined
(Mukherji et al., 2003; Chen et al., 2020). The lattice misfit is
defined as:

δ � 2 ×
αγ’ − αγ

αγ’ + αγ
(1)

where αγ′ and αγ′ are lattice parameters of the γ′ phase and γ
matrix phase respectively. The Bragg equation was used to
calculate lattice parameters of the γ′ phase and γ matrix
phase, and assuming cubic symmetry from location of the
peaks in diffraction angle 2θ. The following formula is obtained:

α � λ
���������
h2 + k2 + l2

√

2 sin θ
(2)

where λ is the wavelength of X-rays used (in this experiment, λ =
0.154056 nm), and (h, k, l) is Miller indices of lattice plane under
investigation.

The Voigt function was used to fit and separate the (111)
diffraction peaks of superalloys after isothermal aging, meanwhile
the lattice parameters of the γ′ phase and γ matrix phase and
lattice misfit of superalloys was calculated by the above equations.
Figure 5C shows that the lattice misfit of γ′/γ two phases in 2Cr
and 2Mo superalloys after different amounts of time spent
isothermal aging. With the increase in isothermal aging time,
the lattice misfit of two Co-Ni-Al-Ti-based superalloys increases
first and then decreases. First, alloying elements diffuse to the γ′
phase the leads to an increase of lattice misfit of the L12-γ′ phase
at the early aging stage. However, with the extension of aging
time, the γ/γ′ interface tends to be stable and the lattice strain and

FIGURE 5 | The average size of the γ′ phase and lattice misfit of 2Cr and 2Mo superalloys after aging at 1073 K: (A) the average size of the γ′ phase, (B) volume
fraction of the γ′ phase, (C) lattice misfit, and (D) Vicker’s hardness.
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lattice misfit decrease gradually. However, it is interesting that the
lattice misfit of the 2Mo superalloy is larger than that of the 2Cr
superalloy. This is because of the larger radius of the Mo atom
compared to that of the Cr atom, so larger lattice distortion is
caused by atoms doped into L12-γ′ lattice, in addition to Mo and
Cr tending to be distributed in the γ′ phase and γ matrix phase
respectively (Gao et al., 2020). Although higher lattice misfit can
effectively hinder the movement of dislocations during superalloy
deformation and improve mechanical properties of superalloys
(Zenk et al., 2014), the coarsening of the γ′ phase also negatively
affects the mechanical properties of superalloys.

Mechanical Properties
Figure 5D shows Vicker’s hardness of two Co-Ni-Al-Ti-based
superalloys after isothermal aging. The Vicker’s hardness of 2Cr
and 2Mo decreased from 252.2 N/mm2 and 257.8 N/mm2 to
217.8 N/mm2 and 227.8 N/mm2 respectively, from 16 to 512 h
of aging time. The hardness of two superalloys decreases with the
increase of isothermal aging time, which is caused by the decrease
of volume fraction and the coarsening of the γ′ phase. The
hardness of the 2Mo superalloy is higher than that of the 2Cr
superalloy due to the higher volume fraction of the γ′ phase. In

addition, the solution strengthening constant can reflect the
strength of the solution strengthening effect of alloying
elements in a superalloy. The larger the solid solution
strengthening constant of an alloying element, the stronger the
solid solution strengthening effect on the element. The solid
solution strengthening constant of Mo element 1015 [MPa (at.
fraction−1/2)] is much larger than that of Cr element 337 [MPa (at.
fraction−1/2)], so the Mo element has a stronger solid solution
strengthening effect on the superalloy (Zhang et al., 2018; Gao
et al., 2020).

Figure 6 shows the engineering stress-strain curves of the 2Cr
and 2Mo superalloys, and the tensile properties are presented in
Table 2. Interestingly, the strength of two superalloys showed a
similar trend to vicker’s hardness with isothermal aging time. It can
be found that both the ultimate tensile strength (UTS) and yield
strength (YS) of 2Cr and 2Mo superalloys gradually decrease with an

FIGURE 6 | Stress-strain curves of Co-based superalloys at room
temperature: (A) 2Cr, (B) 2Mo.

TABLE 2 | Tensile properties of 2Cr and 2Mo superalloys aged samples.

Aging time
(h)

2Cr 2Mo

UTS/MPa YS/Mpa ε/% UTS/Mpa YS/Mpa ε/%

16 h 1127 755 29.2 1293 909 21.9
64 h 1102 721 24.6 1226 842 23.1
256 h 1019 653 26.3 1173 784 20.3
512 h 909 556 26.2 1012 643 21.2

FIGURE 7 | Tensile fracture surfaces of superalloys at room temperature
after being aged for 64 h at 1073 K: (A) 2Cr, (B) 2Mo.
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increase in isothermal aging time. In the 2Cr superalloy, theUTS and
YS decrease from 1127MPa to 755MPa aged 16 h to 909MPa and
556MPa aged 512 h respectively. Meanwhile, in the 2Mo superalloy,
the UTS and YS decrease from 1293MPa to 909MPa aged 16 h to
1012MPa and 643MPa aged 512 h respectively. This is because of
the sharp coarsening of the γ′ phase and reduction in the volume
fraction of the γ′ phase during isothermal aging process of
superalloys. In addition, it can be found that the UTS and YS of
the 2Mo superalloy are higher than those of the 2Cr superalloy,
which is ascribed to the following two reasons: 1) As a solute atom,
Mo causes local lattice distortion in superalloys, which increases

resistance of dislocationmovement andmakes it difficult to dislocate
or slip (Gao et al., 2020); 2) Mo prefer to be distributed in the γ′
phase compared to Cr, which increases the volume fraction of the γ′
phase in the 2Mo superalloy, and strengthens the mechanical
properties of the 2Mo superalloy (Makineni et al., 2015b; Chung
et al., 2020).

Figure 7 shows the SEM micrographs of tensile fracture at
room temperature of two Co-Ni-Al-Ti-based superalloys aged at
1073 K for 64 h. There are a lot of dimples on fracture surface of
the 2Cr superalloy, as shown in Figure 7A. Whereas, for the 2Mo
superalloy, in addition to some dimples, relatively smooth

FIGURE 8 | The plot of lnR(t) as a function of lnt during aging at 1073 K, and the 2.5 power of the mean precipitate radius [R2.5
(t) ] vs. aging time (t) during aging at

1073 K: (A,C) 2Cr, (B,D) 2Mo.

FIGURE 9 | The TEM micrographs of typical microstructures in superalloys after being aged for 32 h at 1073 K: (A) 2Cr, (B) 2Mo.
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cleavage surfaces can also be observed on the fracture surface, as
shown in Figure 7B. In two-phase materials (with different
hardnesses), stress concentration also occurred at the interface
due to a strain mismatch between the two phases, resulting in the
nucleation and growth of holes. Dimples are microscopic cavities
produced by plastic deformation of materials in a small range,
which are formed after nucleation, growth, and aggregation, and
are generally considered to be the symbol of plastic fracture.
Therefore, this is the reason why the elongation of the 2Mo
superalloy is lower than that of 2Cr superalloy.

DISCUSSION

Coarsening Evolution of γ9 Phase
According to Figure 6, the coarsening of the γ′ phase in the
isothermal aging process results in a decrease of mechanical
properties. However, a decrease of energy in the whole system
drives γ′ phase coarsening (Zhang et al., 2020). Although the
establishment of traditional LSW theory adopts the following
assumptions: 1) the volume fraction of the precipitated phase is

low; 2) the diffusion of solute atoms in the matrix is close to zero;
3) there is no interaction between the precipitated phase and
precipitated phase; 4) the stable coarsening process of the
precipitated phase (Zhang et al., 2020), a lot of papers show
that the LSW theory is still suitable for the calculation of γ′
coarsening in novel Co-based superalloys (Zhou et al., 2018;
Sauza et al., 2019b; Li C. et al., 2020). The expression of the LSW
theory is shown as follows (Jiang et al., 2019; Guan et al., 2020b; Li
C. et al., 2020):

RP
(t) − RP

(t0) � kt (3)
where R(t) represents the instantaneous radius of the
precipitated phase, p represents the temporal exponent, R(t0)

represents the initial radius of the precipitated phase, and k
represents the coarsening rate constant. The temporal
exponent p = 3 in the system where diffusion of solute
atoms limits the coarsening of the γ′ phase, and p = 2 in
system where the interfacial reaction limits the coarsening of
the γ’ phase (Sauza et al., 2019b).

It is generally judged whether the coarsening of the γ′ phase
belongs to the stable state coarsening stage by the evolution of the
volume fraction of the γ′ phase, and it is considered that the
steady coarsening stage is reached when the volume fraction of
the γ′ phase hardly changes at all. It is found that the volume
fraction of the γ′ phase does not increase after being aged for 16 h,
indicating that the coarsening of the γ′ phase has reached the
stable coarsening stage. Thus, the LSW theory was used to study
the coarsening process of the γ′ phase in this work, even though
the volume fraction of the γ′ phase decreases, lnR(t) and lnt were

TABLE 3 | Frequency factorD0, diffusion activation energy Q and diffusion
coefficient D1 of Cr and Mo atoms in FCC-Co at 1073 K (Neumeier et al.,
2016).

Alloying elements D0/(m
2/s) Q/(kJ/mol) D1/(m

2/s)

Cr 9.8 × 10−6 255.4 3.61 × 10−18

Mo 2.0 × 10−5 262.0 3.51 × 10−18

FIGURE 10 | SEM and TEM micrographs of superalloys aged at 1073 K: (A) 2Cr for 512 h, (B) 2Mo for 512 h, and (C) 2Mo for 32 h.
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linearly fitted, and the results are shown in Figures 8A,B. It
should be noted that in the 2Mo superalloy p ≈ 3, indicating that
the diffusion of solute atoms is one of the reasons for the limited
γ′ phase coarsening in the 2Mo superalloy, while in the 2Cr
superalloy p = 2.17 ± 0.24, suggesting that interfacial reaction has
a stronger limiting effect on the γ′ phase coarsening in the 2Cr
superalloy (Sauza et al., 2019b; Li C. et al., 2020). By fitting the
linear relationship between R2.5(t) and t, the slope of the line can
approximate the coarsening rate of the γ′ phase in Co-Ni-Al-Ti-
based superalloys, 0.1617 × 10−27 m3/s for 2Cr and 0.1081 ×
10−27 m3/s for 2Mo, as shown in Figures 8C,D. The coarsening
rate of 2Cr is higher than that of 2Mo, but lower than Co-Ni-Al-
W-Mo-Ta-Ti-based superalloys at 1273 and 1023 K reported by
Zhang et al. (2020) It is similar to the coarsening rate constant of
Co-Al-W-Ti-B-based superalloys aged 16–256 h at 1173 K
reported by Sauza et al. (2019b), and the K value of 2Cr and
2Mo are lower than that of the Ni-based superalloys (CMSX-4,
6.86 × 10−27 m3/s) (Lapin et al., 2008). The gap of the coarsening
rate between the 2Cr superalloy and 2Mo superalloy is due to the
change of growth mode of the γ′ phase during isothermal aging in
the 2Cr superalloy.

In this work, the diffusion coefficient (D1) of Cr and Mo in
FCC-Co are calculated by the Arrhenius equation (Lapin et al.,
2008; Yuan et al., 2019):

D1 � D0e
− Q
RT (4)

Where D0 represents the frequency factor, Q represents the
diffusion activation energy, R represents the ideal gas constant
[8.314 J/(K·mol)], and T represents the absolute temperature
(1073 K). The values of D0 and Q are obtained from
references (Neumeier et al., 2016), and some parameters and
D1 values are listed in Table 3.

The diffusion coefficient of Cr is slightly larger than that of Mo,
which means Cr diffuses faster thanMo in FCC-Co, andMo prefers
to be distributed in the γ′ phase to Cr, so Mo takes a longer time to
reach steady-state diffusion in whole system. Therefore, the 2Cr
superalloy reached steady-state diffusion earlier than the 2Mo
superalloy, and the γ′ phase in the 2Cr superalloy grows faster
by merging with each other. The merger between γ′ phases was
observed by TEM at an early aging stage, as shown in Figure 9A (the
red circle in the micrograph). Hence, it can be speculated that the
coarsening rate of the 2Cr superalloy is obviously higher than that of

FIGURE 11 | The side-view micrographs of superalloy tensile test samples after aging at 1073 K for 512 h: (A,C,E) 2Cr and (B,D,F) 2Mo.
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the 2Mo superalloy. In a later isothermal aging period, due to the
coarsening of the 2Cr superalloy being limited by the interfacial
reaction, that of the 2Mo superalloy is still limited by the diffusion of
atoms, so the size of the γ′ phase in the 2Cr superalloy is larger than
that of the 2Mo superalloy (Li et al., 2018; Ng et al., 2020). When the
coarsening of the γ′ phase is limited by interfacial reaction, the
driving force of the γ′ phase coarsening is the decrease of interfacial
energy (i.e., the decrease of the interfacial area by merging between a
few γ′ phases). The coarsening rate is obviously higher than that of
the γ′ phase coarsening caused by solute atom diffusion.

Failure Mechanism
The yield strength of 2Cr and 2Mo superalloys after being aged for
16 h at 1073 K is 755 and 909MPa respectively, which is higher than
Co-Al-Mo-Nb-based superalloys and Co-Ni-Mo-Al-Ta-based
superalloys reported by Makineni et al. (2015a); Makineni et al.
(2015b)Meanwhile, the yield strength also exceeds that of traditional
Co-based superalloys (MAR-M-302, HAYNES-188), and the yield
strength of the 2Mo superalloy is higher than that of Ni-based
superalloys (WASPALOY, MAR-M-247) (Makineni et al., 2015b).
Micrographs of two Co-Ni-Al-Ti-based superalloys after isothermal
aging at 1073 K are shown in Figure 10. During the isothermal aging
process, the strength of superalloys gradually decreases, but no
harmful phases are observed in the micrographs. Therefore, it is
confirmed that the coarsening of the γ′ phase is the main reason for
the reduction of strength, especially the γ′ phase at the grain
boundary. The coarsening of the γ′ phase leads to a widened
channel of the γ phase, which causes dislocations to slip more
easily and reduces the strength of the superalloys. Besides, defects
(grain boundaries, dislocation, etc.) can accelerate element diffusion
in superalloys. In addition, PDZwas formed near the grain boundary
due to migration of the γ′ phase forming elements to the coarsening
γ′ phase at the grain boundary, and further weakens grain

boundaries (Zhang et al., 2018). In the meantime, consumption
of alloying elements will reduce the solution strengthening effect in
the matrix. The side-view micrographs of superalloy tensile test
samples are shown in Figure 11. Under action of stress, the grain
boundary becomes the location for nucleation and growth of cracks.
Applied stress deforms the grain along the loading direction and
cracks appear at the grain boundary along the vertical loading
direction. Besides, the coarsened γ′ phase in the grain boundary
is observed at the fracture edge, which proves that cracks propagate
along the grain boundary, and grain boundaries possess a lower
strength and higher brittleness as compared to that of inner grains
(George et al., 1995).

A schematic diagram of microstructure evolution during
isothermal aging stretching is shown in Figure 12. The elements
forming the γ′ phase near the grain boundary diffuse towards the
grain boundary during the isothermal aging process, resulting in the
coarsening of the γ′ phase on the grain boundary. Meanwhile, the
lack of γ′ forming elements leads to the formation of PDZ near grain
boundary, which weakens precipitation strengthening and solution
strengthening near grain boundaries. Under action of stress, the grain
boundary becomes the weakest part of superalloys, cracks nucleate
and grow near the grain boundary in the direction of the vertical load,
and finally lead to the fracture of the sample. In conclusion, the failure
mechanism of 2Cr and 2Mo superalloys is still a plastic fracture
mechanism, but the grain boundary becomes the worst mechanical
position due to the coarsening of the γ′ phase at the grain boundaries
and the formation of PDZ around the grain boundaries.

CONCLUSION

In this study, microstructure evolution and mechanical
performances of Co-Ni-Al-Ti-based superalloys after

FIGURE 12 | Schematic diagram of microstructure evolution during isothermal aging stretching.
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isothermal aging at 1073 K were studied, and the following
conclusions were obtained:

1) The temporal exponents of 2Cr and 2Mo superalloys are
2.17 ± 0.3 and 2.78 ± 0.24 respectively. The iffusion rate of
Cr atoms in FCC-Co is faster and the diffusion distance is
shorter, which leads to the coarsening of 2Cr superalloys
reaching the second stage in advance. Hence, especially in
the later aging stage, the coarsening rate of the 2Cr superalloy
is obviously higher than that of the 2Mo alloy.

2) In the isothermal aging process, the coarsening of the γ′ phase
at the grain boundary consumes alloying elements in the
surrounding γ′ phase and matrix, which weakens the
matrix and grain boundary. Complex interfaces and the
high energy of the grain boundary are favorable to
nucleation and propagation of cracks.

3) Compared with the 2Cr superalloy, the 2Mo superalloy has
more excellent mechanical properties because Mo elements
prefer distribution in the γ′ phase, which increases the volume
fraction of the γ′ phase. Meanwhile, Mo has a stronger
solution strengthening effect in the γ phase matrix.

4) Mechanical properties of the 2Cr and 2Mo superalloys
decrease with isothermal aging time, which is caused by
the coarsening of the γ′ phase. In addition, the higher
coarsening rate of the γ′ phase results in mechanical
properties decreasing more significantly in the 2Cr superalloy.
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