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Abstract: The coarsening behavior of y' precipitate phase at different temperatures and the compressive performance of novel Co-Ni-

Al-W superalloy were investigated. Experiment results show that the evolution of the mean radius and volume fraction of the y’ phase

obeys the classical Lifshitz-Slyozov-Wagner model. The coarsening rate of the y’ phase exhibits a significant dependence on the aging

temperature, which increases from 1.30x107>" m/s at 800 °C to 9.56x107> m?/s at 900 °C. The activation energy of y’ phase is mainly

influenced by the W diffusion in the y matrix, presenting as 210 kJ/mol. The prepared Co-Ni-Al-W alloy possesses superb

comprehensive properties, particularly the good combination of high y’ solvus temperature (1221 °C) and low density (8.7 g/cm?).

Besides, the compressive yield strength of the Co-Ni-Al-W alloy at ambient and high temperatures are higher than that of other
y'-strengthened Co-based superalloys. The compressive yield strength of the Co-Ni-Al-W alloy at 850 °C is as high as 774 MPa.
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Co-based superalloys possess excellent thermal corrosion
resistance, fatigue resistance, and weldability, which are
widely suitable for the manufacture of critical hot-end
components of aircraft engines and ground gas turbines".
Compared with Ni-based superalloys, the traditional Co-based
superalloys rely solely on the solid solution strengthening and
carbide strengthening, which are severely restricted in the
engineering applications at higher temperatures (>800 °C) due
to their lack of y" phase strengthening effects. Recently, the
y'-Co,(Al, W) phase with L1, structure is found in the Co-Al-
W-based superalloys®”. The y' phase is stable at high temper-
atures and coherent with the y matrix, exhibiting superior high-
temperature mechanical properties, compared with traditional
Co-based superalloys. These findings promote the deve-
lopment of novel y’ phase-strengthened Co-based superalloys.

The melting point of Co-Al-W-based alloys is higher than
that of Ni-based alloys by nearly 100 °C, and the dissolution
temperature of the y'-Co,(Al, W) phase exceeds 1000 ° C¥.
Furthermore, adding Ta, Nb, or Ti to Co-Al-W-based alloys
can effectively increase the dissolution temperature of the y'
phase™ °. Additionally, the small lattice mismatch in Co-Al-W-
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based alloys can effectively suppress the coarsening of the y’
phase, resulting in a significant strengthening effect”.
However, the y'+y dual-phase region in Co-Al-W-based alloys
is relatively narrow, which is prone to the precipitation of
harmful secondary phases during the alloying process”™”. For
example, in the Co-9AI-10W alloy, the addition of only 2wt%—
4wt% refractory elements, such as Ta, Mo, and Nb, can lead to
the precipitation of u and y phases in the matrix, reducing the
volume fraction of y’ phase. It was found that adding 25wt%—
30wt% Ni could expand the ' + y dual-phase region!”.
Therefore, the Co-Ni-Al-W series alloys designed according
to this principle can enhance the stability and volume fraction
of the y’ phase and effectively suppress the precipitation of
harmful secondary phases'".

The novel Co-based superalloy employs y' precipitates as
its primary coherent strengthening phase. The morphology,
size, distribution, and volume fraction of ) phase play a
crucial role in the strengthening effects, thereby influencing
the mechanical properties of the alloys under high-
temperature However,

conditions. exposure to high-

temperature environment may lead to microstructure
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transformation in the alloy. Therefore, the microstructure
stability of the alloy under high-temperature conditions should
be optimized to enhance the mechanical properties.
Coarsening phenomenon of y phase usually serves as a
critical factor influencing the microstructure stability and high-
temperature mechanical properties. During high-temperature
operation, the ' phase undergoes coarsening and growth
processes. The faster the coarsening rate, the more significant
the increase in the size of y’ phase, leading to the reduction in
the strengthening effect”*"”. Although the coarsening kinetics
of the y' phase in Ni-based alloys have been studied, the
coarsening behavior of Co-based superalloys is rarely
reported, particularly for the novel y" phase-strengthened Co-
Ni-Al-W-based alloys™* ",

In this research, the microstructure evolution of Co-Ni-Al-
W-based superalloys after aging under different conditions
was investigated. The evolution in the morphology, size, and
volume fraction of the y' phase was studied as a function of
the aging process, exploring the influence factors of y' phase
coarsening. The microstructure stability of the Co-Ni-Al-W-
based superalloy at high temperatures was discussed.
Furthermore, the compressive properties of the Co-Ni-Al-W-
based superalloys at 25-950 °C were studied.

1 Experiment

The experiment alloy was melted into ingots using the
vacuum induction technique at 1480 ° C under the vacuum
atmosphere of 0.5 Pa. The cylindrical samples with height of
80 mm and diameter of 15 mm were cast. The composition of
the experiment alloy was 41.7C0-27.2Ni-9.0W-6.6Cr-5.7Ta-
4.4Ti-3.0A1-2.3Mo0-0.02C (wt% ), namely Co-Ni-Al-W alloy.
The samples were put into quartz tubes filled with pure argon
gas to prevent oxidation in the following heat treatment. The
heat treatment process included solid solution treatment and

aging treatment. The samples were firstly subjected to solid
solution treatment at 1230 °C for 24 h and then cooled to
room temperature in air. After that, the solid solution-treated
samples were aged at 800, 850, and 900 °C for 24, 72, 144,
and 216 h and then cooled to room temperature in air.

The morphology, size, and distribution of the y’ phase in the
Co-Ni-Al-W alloy were characterized using Ultra-55 field
emission scanning electron microscope (SEM). The samples
were  mechanically ground and  polished  before
electrochemical etching using the mixed solution of 42vol%
H,PO,+34vol% H,SO,+24vol% H,0. The radius of the y’
precipitate (r) was estimated to be a/2, where a represents the
mean edge length of the cubic precipitates. SEM images were
analyzed using Image-Pro Plus software to calculate the
volume fraction of y’ precipitates by measuring their total area.

The phase transformation temperatures of the Co-Ni-Al-W
alloys were accurately determined by NETZSCH 404 F3
differential scanning calorimetry (DSC) equipment at the
heating rate of 10 °C/min. The mass density measurements
were conducted according to ASTM B311-08. Cylindrical
samples with 10 mm in diameter and 12 mm in height were
prepared for compression tests (Gleeble 3800 thermo-
simulator system) at ambient and high temperatures (600 —
950 °C) under strain rate of 10~ s™".

2 Results and Discussion

2.1 Microstructure evolution during aging

Fig.1-Fig.3 display the size, distribution, and morphology
of the y’ phase in Co-Ni-Al-W alloys after aging at 800, 850,
and 900 °C for different durations, respectively. The y’ phase
is precipitated uniformly in the y matrix after aging at 800 °C
for 24 h and it is spherical with average radius of 52.4 nm, as
shown in Fig.la. The y’ phase size increases to 76.5 nm after
aging for 72 h, as shown in Fig. 1b. After aging for 144 and

Fig.1 SEM microstructures of Co-Ni-Al-W alloys after aging at 800 °C for 24 h (a), 72 h (b), 144 h (c), and 216 h (d)
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Fig.2 SEM microstructures of Co-Ni-Al-W alloys after aging at 850 °C for 24 h (a), 72 h (b), 144 h (c), and 216 h (d)

216 h, the y' phase size increases to 91.5 and 103.2 nm,
respectively, and some 9’ phases change from spherical shape
to approximately cubic shape, as shown in Fig. 1c and 1d.
Ref. [16 — 18] reported that the morphology of y" phase was
mainly determined by the competition results of the elastic
strain energy mechanism and interface energy mechanism of y/
y" dual-phase. When the elastic strain energy is small and the
interface energy dominates, the morphology of y' phase tends
to be spherical. In contrast, the dominance of elastic strain
energy will lead to the cubic morphology of y' phase. After
aging at 800 °C for 24 h, the y’ phase size is small, resulting in
negligible differences in lattice parameters between the y'

phase and the y matrix. Hence, there is no significant
interaction between the elastic strain energy domains.
Therefore, the morphology of the y' phase is predominantly
influenced by the interface energy, resulting in the spherical
shape. However, with the prolongation of aging time, the
a mismatch
parameter between the p/y’ dual-phase, leading to the

coarsening process of §' phase generates

dominance of elastic strain energy. As a result, the spherical '
phase is prone to the transformation into cubic )’ phase.

Fig.2 shows the microstructures of Co-Ni-Al-W alloys after
aging at 850 °C for different durations. It can be seen that the
y' phase primarily exhibits a cubic morphology. With the

Fig.3 SEM microstructures of Co-Ni-Al-W alloys after aging at 900 °C for 24 h (a), 72 h (b), 144 h (c), and 216 h (d)
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prolongation of aging time from 24 h to 216 h, the average
size of y' phase is increased from 70.5 nm to 138.5 nm.
Notably, when the aging time exceeds 144 h, the morphology
of some y’ phases begins to transform into elongated and L
shapes, as indicated by the arrows in Fig.2c and 2d. The )’
phase in the Co-Ni-Al-W alloy tends to merge along particular
directions after aging at 850 °C, which is associated with the
atomic arrangement of neighboring y' phases. When the
atomic arrangement of adjacent )’ phases allows for the
continuation and expansion of the ordered structure without
disruption, the y' phases are more inclined to merge, thereby
reducing surface energy.

When the aging temperature further increases to 900 °C, the
' phase basically presents the cubic morphology, as shown in
Fig.3. With the prolongation of aging time from 24 h to 216 h,
the 9’ phase becomes larger. The average size of the cubic )’
phase also increases from 100.2 nm to 197.5 nm. Additionally,
the elongated- and L-shaped y' phases are already generated
after aging at 900 °C for 24 h (Fig.3a), indicating that the )’
phase is more prone to coalescence during high-temperature
aging. With the further prolongation of aging time to 216 h,
more ' phases resulting
morphologies (Fig.3d).

Fig. 4 illustrates the evolution of the average size and

merge, in more irregular

volume fraction of ' phase in the Co-Ni-Al-W alloys after
different aging treatments. According to Fig.4a, the average
size of the )’ phase increases continuously with aging time
under the same aging temperature condition. Additionally, the
growth rate of the y' phase is faster at higher aging
temperatures, indicating that the aging temperature controls
the growth rate of ' phase. The volume fractions of y’ phase in
the Co-Ni-Al-W alloys aged at 800, 850, and 900 °C for 24 h
are 69%, 64%, and 59%, respectively. When the aging time
increases to 216 h, the volume fractions of the y’ phase after
aging at 800, 850, and 900 °C increases to 73%, 68%, and
65%, respectively, as shown in Fig.4b.

Therefore, it is concluded that the volume fraction of '
phase is slightly increased with the prolongation of aging time
under the same aging temperature. This phenomenon is
primarily attributed to the growth of y' phase during the
continuous aging process, thereby increasing the )’ phase

volume fraction. However, the increase in the aging

temperature results in a decrease in the precipitation of )’
phase, which in turn decreases the volume fraction of the '
phase. Additionally, the merging of ' phases, namely the
formation of large phases through the consumption of small
phases, ultimately results in the decrease in the volume
fraction of the y’ phase!"”. On the other hand, aging at lower
temperatures the
precipitated y" phase, which is caused by the higher solute
supersaturation rather than the aging at 900 °C.
2.2 Coarsening behavior of y’ phase during aging

Ref. [20 — 22] suggested that the )’ phase in Ni-based
superalloys coarsens via Ostwald ripening, which can be well-

explained by the diffusion-controlled coarsening theory
20

leads to higher volume fraction of

proposed by Lifshitz, Slyozov'®”, and Wagner, namely the
Lifshitz-Slyozov-Wagner (LSW) coarsening model. LSW
model explains a competitive growth mechanism in particle
growth, where large particles merge small particles. The
driving force for growth lies in the reduction of interfacial
energy of the system, and the coarsening rate depends on the
diffusion of solute elements in the y matrix. Additionally,
Ardell and Ozolins proposed a trans-interface diffusion-
controlled (TIDC) mode, which indicated that the diffusion of
solute elements through the y/y’ interface controlled the
coarsening process™ >,
correlation between the aging time and the size of y' phase, as
follows:

- =Kt 1) (1)
where r, is the radius of y’ phase aged for ¢ h; 7, is the radius of

Eq. (1) can aptly describe the

y' phase aged for f#, h; n is the time exponent; K is the
coarsening rate coefficient. The controlling mechanism of the
coarsening rate in two models mainly depends on the time
exponent 7 in Eq.(1). The time exponent n in LSW model is 3,
whereas that in TIDC model is 2.

To clarify the coarsening kinetics of y" phase in the Co-Ni-
Al-W alloy, it is necessary to determine the value of time
exponent n in Eq.(1). Fig.5 shows the logarithmic relationship
between the average radius of y' phase and aging time. The
slope based on the linear fitting analysis represents the
reciprocal relationship of the time exponent as 1/n. According
to Table 1, the slopes after aging at 800, 850, and 900 °C for
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Fig.4 Evolution of average radius (a) and content (b) of y’ precipitate phases after different aging treatments
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Table1 Time exponent n and coarsening rate coefficient K ob-

tained based on linear fitting under different aging

conditions
Temperature/ Temporal Coarsening rate coefficient,
°C exponent, 1/n K/x107 m’s™
800 0.31 1.30
850 0.30 3.27
900 0.31 9.56

the Co-Ni-Al-W alloy are 0.31, 0.30, and 0.31, respectively,
signifying that the time exponent n is 3. Furthermore, the
linear fitting analysis of Fig.5 reveals that R* is a statistical
measure of the proximity between the measured data and the
fitting line. The closer the R* value to 1, the stronger the
relationship between the independent variable and the
dependent variable, and the better the fitting between the fitted
line and the measured data. Therefore, the time exponent fits
the LSW model theory, indicating that the coarsening of the y’
phase in Co-Ni-Al-W alloy obeys LSW theory. By
substituting the time exponent n of 3 into Eq. (1), the cubic
relationship between the average radius of the y’ phase (+*) and
aging time (7) can be expressed by Eq.(2), as follows:

PR =K(-1) o

The relationship between the average radius of y’ phase ()
and aging time () is illustrated in Fig.6. The coarsening rate
coefficient K of y' phase is determined through the slope based
on linear fitting results, as shown in Table 1. After aging
treatments at 800, 850, and 900 °C, the value of K of ' phase
for the Co-Ni-Al-W alloy is 1.30x107, 3.27x107, and 9.56x
107 m¥/s, respectively. The diffusion coefficient of solute
atoms is higher at higher aging temperatures, promoting the
growth of )" phase. Therefore, with the increase in aging
temperature, the coarsening rate of y’ phase also exhibits a
significant upward trend. These results show that the
coarsening rate of j’ phase is mainly influenced by aging
temperature. Moreover, increasing the aging temperature
enhances the coarsening rate of )’ phase. Furthermore, the
coarsening of ' phase in the Co-Ni-Al-W alloy conforms to
LSW model, suggesting that the diffusion of solute elements
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Fig.6 Relationship of -t of y' phase under different aging

conditions

regulates the coarsening process of ' phase.

In LSW model, the coarsening rate of ' phase is influenced
by various factors, including the diffusion coefficient of solute
elements, the interfacial energy between y and y' phases, and
aging temperature. The coarsening rate coefficient can be
expressed by Eq.(3), as follows:

Iv:DC,

K= e 3)
where D is the diffusion coefficient of the solute element, /" is
the yp/y’ interfacial energy, V,, is the molar volume of the )
phase, C, is the equilibrium solubility of solute element, R is
the gas constant, and 7 is the absolute temperature. According
to the Arrhenius equation™, the diffusion coefficient D of
solute elements can be represented by Eq.(4), as follows:

D = Dyexp(79) @

where D, is a constant and Q is the activation energy.
Therefore, by combining Eq.(3) and Eq.(4), the relationship
between diffusion activation energy and coarsening rate
coefficient can be obtained, as expressed by Eq.(5), as follows:

In [K(g )j| = Constant - % )

m

Assuming that 7/C_ is constant in Eq. (5), a linear
correlation between InK and 1/7 can be established, as
illustrated by the fitting line in Fig.7. The diffusion activation
energy of the solute elements in the Co-Ni-Al-W alloy during
aging at 800—900 °C is determined as 210 kJ/mol through
linear fitting analysis. Notably, compared with the diffusion
activation energy of 295 kJ/mol in Ref. [26], the value
obtained in this research is relatively lower. In Co-Al-W-based
alloys, the coarsening process of y’ phase is mainly influenced
by the diffusion of W eclement in the alloy. Moreover, the
diffusion activation energy of the W element in the alloy is
increased with the W content® . Hence, it is inferred that the
lower W content in the Co-Ni-Al-W alloy is the main reason
for the relatively lower diffusion activation energy.

Furthermore, the grain growth is influenced by temperature
gradient, undercooling, and the addition of rare earth
elements. Ref.[29-30] reported that adding rare earth oxides,
such as CeO,, can significantly refine the grains. Meanwhile,
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the addition of Ti and B elements can achieve a synergistic
effect of solid
strengthening, and fine grain strengthening. Therefore, by
rationally adding alloying elements, it is possible to regulate
the grain size and enhance the mechanical properties.

solution strengthening, second phase

2.3 Solvus temperature and density comparison

of solvus
Co-based
superalloys, including the Co-Ni-Al-W alloy in this research.

Notably, the Co-Ni-Al-W alloy

exceptionally advantageous combination of high solvus

Fig. 8 presents the comparative analysis

temperatures and densities among various

stands out with an
temperature (1221 °C) and low density (8.7 g/cm?), surpassing
the performance of other alloys. Specifically, the solvus
temperature of )’ phase in the Co-Ni-Al-W alloy is signifi-
cantly elevated, compared with that of other Co-based W-
containing superalloys, such as 1000 °C of Co-9A1-9W alloy,
1098 °C of Co-9AI-10W-2Ta alloy™", and 1166 °C of Co-
31Ni-9Al-5W-4Ti-1Ta alloy””. Even the Cr-containing alloys,
such as Co-Ta-V-based alloys (965 ° C)P¥, Co-Al-Mo-Ta-
based alloys (1038 °C)P*, Co-11Ti-15Cr alloys (1100 °C)P*,
and Co-16Ni-10AI-6Cr-5W-3Ta alloy (1100 ° C) P% cannot
compete with the Co-Ni-Al-W alloy in the term of solvus
temperature.

1300

The Co-Ni-Al-W alloy has a low density of approximately
8.7 g/cm?, as shown in Fig.8b. This density is notably lower
than that of other Co-Al-W-based alloys and commercially
available Co-based Mar-M-302 superalloys®”,  whose
densities are 9.54 —10.1 and 9.2 g/cm?®, respectively. These
exceptional characteristics indicate that the Co-Ni-Al-W alloy
is a superior alternative to the traditional Co-based alloys,
particularly in the lightweight structural applications. Despite
its lightweight, the Co-Ni-Al-W alloy maintains its structural
integrity and excellent performance, which is ideal for the
applications without compromising the
strength and functionality. These advantageous
characteristics position the Co-Ni-Al-W alloy as a promising

mass-sensitive
material

candidate for high-temperature applications.
2.4 Compressive performance

To investigate the temperature dependence of compressive
yield strength of Co-Ni-Al-W alloy, compression tests were
conducted at 25-950 °C. The compressive yield strengths of
the Co-Ni-Al-W alloy and other Co-based
alloys”'****3 are presented in Fig.9.

The compressive yield strength of the Co-Ni-Al-W alloy
can be divided into three stages. In the first stage, the
compressive yield strength is decreased with the increase in
temperature from 25 °C to 650 °C. In the second stage, the
compressive yield strength exhibits a positive temperature
dependence when the temperature increases from 650 °C to

super-

850 ° C. This phenomenon is similar to that in Ni-based
superalloys. Finally, the third stage demonstrates a negative
temperature dependence of compressive yield strength above
850 °C. Apart from the first stage, the yield strength decreases
from 761 MPa to 714 MPa when the temperature increases
from 600 to 650 ° C. Subsequently, it gradually increases,
reaching a maximum compressive yield strength of 774 MPa
at 850 °C. However, with the further increase in temperature
to 950 °C, the compressive yield strength decreases to 651
MPa. It is worth noting that the Co-Ni-Al-W alloy exhibits an
anomaly behavior in compressive yield strength within the
temperature range of 650—850 °C. This behavior can also be
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Fig.8 Comparison of solvus temperature (a) and density (b) of Co-Ni-Al-W alloys and Co-based superalloys
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observed in superalloys contain y’-strengthened Co-Ti"**¥ and
Co-Al-WP which is associated with the Kear-Wilsdorf
mechanism involving the dislocation hindrance at high
temperatures™*”. Additionally, the Co-Ni-Al-W superalloy
has better mechanical properties at high temperatures than
other W-free/Cr-containing y/y’ Co-based superalloys, as
shown in Fig.9.

3 Conclusions

1) The microstructure of the Co-Ni-Al-W superalloy aged
at 800 °C for 24 h primarily consists of y matrix phase and
69vol% y" phase. The Co-Ni-Al-W superalloy has high '
solvus temperature of 1221 °C and low density of 8.7 g/cm?3.

2) The y' phase morphology changes from spherical to
cubic in the Co-Ni-Al-W superalloy aged at 800—900 °C. The
average radius grows with higher aging temperatures and
longer time. The )" phase volume fraction is decreased with
the increase in increased with the
prolongation of aging time.

3) The coarsening behavior of y" phase in the Co-Ni-Al-W
superalloy obeys the diffusion-controlled LSW coarsening
mode. The y’ phase coarsening rate coefficients are 1.30x107,
3.27x107, and 9.56x10™" m’/s at 800, 850, and 900 ° C,
respectively.

4) The activation energy for the Co-Ni-Al-W superalloy is
210 kJ/mol during aging at 800—900 °C, which is related to
the W content in the alloy. The diffusion of W element in the
alloy affects the coarsening rate of y’ phase.

5) The compressive yield strength curve of the Co-Ni-Al-W
alloy has three variation stages. With the increase in
temperature from 650 °C to 850 °C, the compressive yield
strength exhibits a positive temperature dependence and

temperature  but

reaches the maximum compressive yield strength of 774 MPa
at 850 °C.
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#12 Co-Ni-Al-W Sin & € y' T NI T A R IE 41t RE

B & & OREE Ts B g
(1. P EL S BEER LSS AT AR AR, &7 L 110022)
(2. i AR R A E T E, T JLH 110022)

7 OE: WA T —HOET L Co-Ni-AL-W il & &1y BT A TE 2 Ml 25 T IR AT A B I R A R . SEIGZERRIA, &S TER
RO R,y H T2 A AR AR 2 B AL 5 22 L 11 Lifshitz-Slyozov-Wagner #5784 RIHELAL 8 3 B 3540 T I i %, AR R BN
M 800 ‘CHY 17 1.30x107 m*/s H AN E] 900 ‘C I 17 9.56x107 m*/s. ' AHAIIGILBE T 222 W IL R AE y AR P B, Highaeh 210
kl/mol. ATl Co-Ni-Al-W & &R UL MR M LA ERE, Real2 B my SRR (1221 C) AMEEE (8.7 g/em® MIRITFES .
IEAh, Co-Ni-Al-W & S 7E 7 IR il (0 48 i AR 38 s T LAt p 5840 1) Co B il & 4, HOZ A 4 7E 850 C 11X 45 b AR 3 3 i ik
774 MPa.,

FEHEIF: Co-Ni-Al-W Bl &4 A HAAT N FR4RTERE

e W R, 5, 19854, i, w TR, h E U B s L S it U A IR A =), 27 vhRH 110022, HLTE:
024-25851306, E-mail: zhoucheng@chinasrif.com



