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Abstract: Low-density superalloys often exhibit low yield strength in the intermediate temperature range (300—650 °C).
To enhance yield performance in this range, the CALPHAD method was used to design a new Co-based superalloy. The
Co—30Ni—10AI-3V—-6Ti—2Ta alloy, designed based on y’ phase dissolution temperature and phase fraction, was
synthesized via arc melting and heat treatment. Phase transition temperatures, microstructure evolution, and high-
temperature mechanical properties were characterized by differential scanning calorimetry, scanning electron microscopy,
dual-beam TEM, and compression tests. Results show that the alloy has low density (8.15 g/cm?®) and high y’ dissolution
temperature (1234 °C), along with unique yield strength retention from room temperature to 650 °C. The yield strength
anomaly (YSA) is attributed to high stacking fault energy and activation of the Kear—Wilsdorf locking mechanism,
contributing to superior high-temperature stability of the alloy. The yield strength of this alloy outperforms other low-
density Co-based superalloys in the temperature range of 23—650 °C.
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towards finding alternative superalloy materials for

1 Introduction

Superalloy is a key material for acrospace
engine blades and hot end parts of gas engines [1-3].
Among many types of superalloys, Ni-based
superalloy with the unique p-NizAl phase
strengthening mechanism is currently the most
widely used commercial application material [4—7].
However, the working temperature of Ni-based
superalloy is so close to its melting point that it is
hard to further improve the temperature-bearing
capacity [1,8—10]. Therefore, research is focused

next generation aero-engines. In 2006, SATO et al
[11] discovered a new Co—Al-W based superalloy
that is strengthened by Ll,-y" Cos(Al,W) phase.
The melting point of this superalloy is higher than
that of some Ni-based superalloys. Moreover, due to
the difference between y' dissolution temperature
and y dissolution temperature, a larger processing
window was found in the Co-based superalloy [12],
which is crucial to improving mechanical properties
at high temperatures. Because of the above reasons,
the Co-based superalloy has become a key topic
of research. It has been reported that the addition of
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5-12 at.% W can form a stable p-Co3(Al,W) to
maintain stable high-temperature performance in
the Co—Al—W based superalloy [13—15]. However,
excessive W will cause increase in the density of the
superalloy. Therefore, drawbacks such as narrow y/y’
phase region [11,16], poor high-temperature stability
of L1,-y" Cos(AL,W) phase [17,18], high density [14]
make the development of W-free Co-based
superalloy the focus for further research.

In order to optimize superalloy density and
further improve y’ phase stability, new systems
like Co—Ti based [19,20], Co—Al—Mo based [21,22],
Co—Al—Ta based [23,24], and Co—Al—V based [25]
superalloys have been studied. Among them, Co—Ti
based superalloy has lower density, but is usually
accompanied by poor y’ phase stability and low
mechanical properties at medium and high
temperatures. As for the Co—Al-Mo superalloy, its
density is comparable to that of Co—8Al—-12W—-14Cr
superalloy (8.4 g/cm?, at 620 MPa and 800 °C) [26],
but its yield stress (620 MPa at 770 °C) is not
significantly improved [27]. Moreover, both low-
density Co—Ti based [19,28] and Co—Al-Mo based
[29] superalloys have the disadvantage of drastic
decrease in yield stress with increase in temperature,
in the moderate temperature range. This is caused
by the lack of high melting point alloying elements
(W, Ta, etc.) in low-density superalloy, resulting
in insignificant solid solution strengthening
effects. Therefore, it is important to overcome
the disadvantages of low-density superalloy by
improving the stability and strengthening effect
of y' phase.

However, the main research method of
superalloy is the trial-and-error method based on
experiments, which is inefficient. For effective
materials design, computational methods (density
functional theory (DFT), CALPHAD, and machine
learning, etc.) are used. Usually, design of
new Co-based superalloy often contains multiple
strengthening elements. While DFT method is time
consuming [30—34], machine learning is limited by
reported experimental data, and it is difficult to
guarantee the accuracy of its prediction performance
[35—38]. Although the CALPHAD method also
relies on experimental data, the accuracy of
prediction can be achieved after completing the
determination of various phase regions through a
relatively small amount of experimental data.
Therefore, this study relies on the established

experimental data [23,25,39—41], in conjunction
with multivariate database developed by our
research team, to utilize the CALPHAD method for
accurate prediction of phase diagram of the six-
element alloy. This approach forms a basis for alloy
design and microstructure control.

This study aims to enhance the yield strength of
low-density Co-based superalloys at intermediate
temperatures. Using the CALPHAD method, we
designed and synthesized the Co—30Ni—10Al-3V—
6Ti—2Ta alloy, which features both low density and
high ' dissolution temperature. The alloy exhibits
an abnormal yield behavior starting from room
temperature, effectively addressing the low yield
strength issue of Co-based alloys at intermediate
temperatures. This work provides both experimental
data and theoretical guidance for the design of
lightweight superalloys.

2 Experimental

In this study, design of Co—Ni—Al-V-Ti—Ta
superalloy was conducted using the CALPHAD
method implemented in the Pandat software,
leveraging the Co-based superalloy database
developed by our research group [23,25,39,40].
Further details of the design process are provided
below.

Ingots weighing approximately 60 g, were
produced in an arc-melting furnace under an argon
atmosphere using high-purity Co (99.9 wt.%), Ni
(99.9 wt.%), V (99.9 wt.%), Al (99.9 wt.%), Ti
(99.9 wt.%), and Ta (99.9 wt.%). The composition
of superalloy (Co—30Ni—10Al-3V—-6Ti—2Ta) is
typically expressed in atomic percentages unless
stated otherwise. After being wire-cut into specific
shapes, the samples were placed in quartz capsules
filled with argon and subjected to heat treatment,
first at 1250 °C for 24 h, next at 800 °C for 150 h,
and were finally quenched in ice water. The phase
transition temperature of the superalloy was
measured using a differential scanning calorimetry
(DSC, NETZSCH, Germany), in a high-purity argon
atmosphere with a heating rate of 20 °C/min.
Microstructure of polished specimens (etched in a
solution of 25% HNOj; and 75% HCIl), was observed
using a field emission scanning electron microscope
(SEM, Su70, Japan). TEM samples were polished
by twin-jet polishing in 8% HCIO4+ 92% C,H¢O.
To determine the crystal structure of phases, a
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transmission electron microscope (TEM, Tecnai—
F30, FEI) was utilized. Chemical compositions of
y/y' phases were analyzed using STEM-EDX
techniques. Additionally, the 0.2% deformation
structure observed in the TEM experiments refers to
the microstructure obtained after the alloy is loaded
to its yield stress at the corresponding temperature,
followed by slow unloading and rapid cooling.
The density of the newly developed superalloy
was determined according to ASTM B311 — 08
recommendations, which utilized Archimedes
principle. Vickers hardness measurement was
carried out using Vickers micro hardness tester
(HMV=-2, Japan), at an applied load of 4.9N. For
compression testing, samples with dimensions of
d4 mm x 6 mm were obtained by wire cutting.
Compression tests were performed at various
temperatures ranging from room temperature to
900 °C wusing a universal testing machine
(WDW-100, China). The strain rate was set at
1x10™*s7!. At least three samples were tested for
each temperature investigated.

3 Superalloy design and validation
3.1 Design and validation of Co—Ni—Al-V-Ti—Ta

superalloy
The stable y’ phase is the key to maintaining

good high-temperature properties. In addition to the
stable CosTi phase [42], Cos(Al V) phase has also
been proven to be a thermodynamically stable phase
in novel Co-based superalloy [25]. The addition of V
facilitates the formation of y’-Co3(Al,V) phase within
the alloy system, which can enhance the stability
of the alloy’s performance at high temperatures
[25]. However, higher V content compromises
the oxidation resistance and coarsening rate of
superalloys [43]. Therefore, the determination
of V content is a challenging problem. Figure 1(a)
illustrates the pseudo-binary phase diagram of the
Co—30Ni—10Al—xV system, indicating a significant
y/y" two-phase region between 800 and 1000 °C. As
V content increases, the y’ dissolution temperature
gradually rises, and the solidus temperature (y
dissolution temperature) decreases. It is noteworthy
that the increase rate in y’ dissolution temperature
slows down as the V content increases. Therefore,
considering the magnitude and growth rate of y’
dissolution temperature, this study selects 3 at.% V
as the focus for further investigation. However,
the phase fraction of Co—30Ni—10AI-3V alloy at
800 °C is only 23% (Fig. 1(d)), which is also the
reason for further alloying.

Figure 1(b) depicts the pseudo-binary phase
diagram following Ti alloying. The y’ dissolution
temperature increases with Ti addition. However, the
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Fig. 1 Calculated pseudo-binary phase diagrams of (a) Co—30Ni—10Al-xV, (b) Co—30Ni—10Al-3V—xTi, and
(c) Co—30Ni—10A1-3V—-6Ti—xTa systems; Calculated fractions of each phase versus temperature of (d) Co—30Ni—
10AI-3V, (e) Co—30Ni—10Al-3V-6Ti, (f) Co—30Ni—10Al-3V—6Ti—1Ta (dashed line) and Co—30Ni—10Al-3V—

6Ti—2Ta (solid line)
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difference (thermal processing window) between the
solidus and 7' dissolution temperature gradually
decreases. The Co—30Ni—10AI-3V—-6Ti alloy
exhibits a thermal processing window of 144 °C,
ranging from 1145 to 1289 °C. Meanwhile, the
thermal processing window of Co—30Ni—10A1-3V—
7Ti alloy is 94 °C, ranging from 1171 to 1265 °C.
A larger thermal processing window facilitates
alloying of other y’-forming elements. Considering
the beneficial effects of Ta, which significantly
enhances the alloy’s complex stacking fault (CSF)
energy and the anti-phase boundary energy on the
(111) plane, thereby improving the alloy’s strength
and high-temperature performance stability [44], a
wider thermal processing window (6 at.% Ti) was
selected as the focus for further alloying research.
Concurrently, the phase fraction of Co—30Ni—10Al—
3V-6Ti alloy also escalates from 23% to 53% at
800 °C (as indicated in Fig. 1(e)). In superalloy,
maintaining y" volume fraction exceeding 60% is
crucial for ensuring favorable creep performance [1].
Consequently, Ta alloying is necessary to elevate
both y' dissolution temperature and phase fraction.
Figure 1(c) illustrates the pseudo-binary phase
diagram for the Co—30Ni—10Al-3V—-6Ti—xTa
system. The incorporation of Ta not only raises the y’
dissolution temperature but also expands the y“y
two-phase region. Importantly, at Ta content of
2 at.%, the alloy exhibits a notably higher y’
dissolution temperature while still maintaining a
certain thermal processing window. In Fig. 1(f), the

phase fraction of Co—30Ni—10Al-3V—-6Ti—xTa
system is depicted. With the addition of 2 at.% Ta, in
comparison to 1 at.% Ta, the phase fraction increases
from 59% to 66%, and the y' dissolution temperature
rises from 1206 to 1231 °C. Consequently, this
study selected the Co—30Ni—10Al-3V—-6Ti—2Ta
superalloy for further experimental validation.

Figure 2 illustrates the microstructure and
element segregation of Co—30Ni—10Al-3V—-6Ti—
2Ta superalloy. White dashed lines in Fig. 2(a)
represent typical grain boundaries. There are no
precipitates observed at the grain boundaries.
Figures 2(b, ¢c) demonstrate TEM HAADF images
of y/y’ phases along [001] zone axis. The y’ phase
fraction in 10 different regions was measured using
Imagel software, yielding an average value of 81.6%.
This result is higher than the calculated value (66%)
because the y’' phase approaches equilibrium at
higher temperatures and longer aging time, which
manifests as an increase in y' phase size and a
decrease in volume fraction [45,46]. The presence of
coherent diffraction spots (Fig. 2(d)) embedded in
the FCC-[001] confirms L1,-ordered structure of
Co—30Ni—10Al-3V—6Ti—2Ta superalloy. It can be
observed that the y’ phase occupies a higher arca
fraction, while the y phase appears as the black
matrix phase that separates the y’ phase in high-angle
annular dark-field (HAADF) image. Elemental
mapping results indicate that Co is enriched in the y
phase, while Al, Ti, and Ta are primarily enriched in
the y' phase, acting as strengthening elements.

Fig. 2 (a) SEM image along grain boundary, (b, c) TEM HAADF images and (d) SAED pattern along [001] zone axis
with elemental segregation images for Co—30Ni—10Al-3V—6Ti—2Ta superalloy
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3.2 Comparison and analysis of superalloy

performance
3.2.1 Density and y’ dissolution temperature

The DSC heating curves of Co—30Ni—10Al-
3V—-6Ti—2Ta superalloy as shown in Fig. 3(a). The
y’" dissolution temperature and y dissolution
temperature are 1234 and 1280 °C, respectively.
Importantly, the y’ dissolution temperature (1234 °C)
of Co—30Ni—10Al-3V—-6Ti—2Ta aligns closely with
the results (1231 °C) from CALPHAD, providing
further evidence of accuracy of the Co—Ni—Al-V—
Ti—Ta thermodynamic database. Figure 3(b) shows
the comparison of y' dissolution temperature and
density of Co—30Ni—10Al-3V—-6Ti—2Ta with other
Co—Ni based and Ni based superalloy. Compared
to Co—Ni—Al-W based superalloy, the developed
Co—30Ni—10Al-3V—6Ti—2Ta exhibits lower density
and higher y' dissolution temperature. Although the
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Fig. 3 (a) DSC heating curves of Co—30Ni—10Al-3V—
6Ti—2Ta superalloy, and (b) comparison of y’ dissolution
temperature and density of Co—30Ni—10A1-3V—6Ti—2Ta
superalloy with existing superalloy, i.e. Ni based [8],
Co—Ni—Al-Mo based [21,22], Co—V-Ta based [36],
Co—Ti based [19,20], Co—Ni—Al-W based [26,47], and
Co—Ni—Al-V based [25] superalloys

W-free Co—Ni—Al-Mo based [48], and Co—V—Ta
based [36] superalloys are mainly developed for
achieving low density, the low ¢’ dissolution
temperature is a serious drawback in these systems.
The y' dissolution temperature of Co—30Ni—10Al—
3V-6Ti—2Ta is significantly higher than that of
Co—Ni—Al-Mo based [29,47], Co—V—Ta based
[36,49], and Co—Ti based [19,40,50,51] superalloys.
Furthermore, its density (8.15 g/cm?) is also superior
than that of Ni-based superalloy and the Co—Ni—Al-V
based superalloy reported in our previous study [25].
This suggests that the optimized superalloy
developed in this study, i.e. Co—30Ni—10A1-3V—
6Ti—2Ta, shows excellent comprehensive properties
of low density and high y' dissolution temperature.
3.2.2 High-temperature yield stress

High y' dissolution temperature is beneficial
for the superalloy to maintain good mechanical
properties [44,52]. However, it is difficult for low-
density superalloy to have high p’ dissolution
temperature and high-temperature yield stress at
the same time, as observed in previous studies
[19,20,29]. Low mechanical properties are often the
major drawback of low-density superalloy. The
mechanical property of Co—30Ni—10Al-3V-6Ti—
2Ta superalloy with temperature is shown in Fig. 4.
The yield stress values of Co—30Ni—10A1-3V—-6Ti—
2Ta superalloy are 533 MPa (room temperature),
559 MPa (150 °C), 616.3 MPa (300 °C), 607 MPa
(500 °C), 610.7 MPa (650 °C), 598 MPa (700 °C),
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Fig. 4 Yield stress vs temperature curve of Co—30Ni—
10Al1-3V—-6Ti—2Ta superalloy after homogenizing at
1250 °C for 24 h and aged at 800 °C for 150 h (For
comparison, yield stress vs temperature responses of low
density (<8.23 g/cm?) superalloy, Co—11Ti—15Cr (SC:
single crystalline) [19,28], Co—10A1-5V—2Nb [29], and
Co—12V—4Ti [20] are included)
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5533 MPa (750 °C), 524 MPa (800°C), and
453.3 MPa (900 °C), respectively. It is noteworthy
that the yield stress exhibits a gradual increase
from room temperature up to 300 °C, and maintains
relative stability from 300 to 650 °C (moderate
temperature range). Thus, the yield strength anomaly
(YSA) onset temperature is room temperature in this
study, which is different from traditional low-density
Co based superalloys that have a very short abnormal
yield temperature range [19,20,28,29]. Although it
shares the same trend as the CosTi alloy, the YSA-
onset temperature of this alloy is significantly lower
than that of CosTi alloy, which is beneficial to
improving the high temperature performance
stability of the alloy.

In order to provide further comparisons, Co
based superalloy with low density (<8.23 g/cm?)
reported in literature is listed, such as Co—11Ti—
15Cr [19,28], Co—10Al-5V—2Nb (2Mo3V) [29] and
Co—12V—4Ti [20]. As shown in Fig. 4, the yield
stress at high temperature of the developed
Co—30Ni—10Al-3V—-6Ti—2Ta superalloy is high.
Combined with low density, yield stress of Co—
30Ni—10Al-3V—6Ti—2Ta superalloy is increased by
40.1% compared to the single-crystal Co—Ti—Cr
superalloy [19] at 800 °C. When compared to
Co—12V—4Ti superalloy, Co—30Ni—10A1-3V—-6Ti—
2Ta superalloy exhibits an increase in yield stress
ranging from 11.1% to 30.3% between 600 and
800 °C. Also, a yield stress increases of 14.6%—
32.3% can be observed when compared with
Co—10Al-3V—2Nb—2Mo superalloy. The research
indicates that the y’ dissolution temperature is one of
the factors that determine the level of abnormal yield
strength [44]. The Co—30Ni—10AlI-3V—-6Ti—2Ta
superalloy designed in this study exhibits '
dissolution temperatures higher than those reported
for Co—Ti based superalloy (as shown in Fig. 3(b)).
This also accounts for the observed phenomenon of
higher strength during the exceptional yield stage of
this designed alloy, surpassing the reported yield
stress of other alloys.

3.3 Distinctive yield behavior

The distinctive yield phenomenon observed in
the Co—30Ni—10AI-3V—6Ti—2Ta superalloy, where
the YSA-onset temperature is room temperature,
is not commonly seen in traditional low-density
superalloys from previous studies. Given the
intriguing nature of this occurrence, it has become

imperative to delve into research concerning the
evolution of the y’ phase substructure.

Figures 5(a, b) show STEM HAADF images
along [001] zone axis for undeformed Co—30Ni—
10A1-3V—6Ti—2Ta superalloy. No
dislocation shearing are found in y/y’ phase. The y'
phase exhibits a typical square shape. Figures 5(c, d)
show STEM HAADF images along [001] zone axis
for the Co—30Ni—10AI-3V—-6Ti—2Ta superalloy
deformed to ~0.2% at room temperature. It is
indicated that at room temperature, the deformation
mechanism of the superalloy primarily entails
dislocation shearing of the y’ phase. It is noteworthy
that the morphological characteristics of these
dislocations resemble those of primary dislocations,
as opposed to the morphology of partial dislocation
resulting from the dissociation of extended
dislocations.

Figures 6(a, b) show TEM brightfield images
taken along [011] zone axis using superlattice
200 reflection for the Co—30Ni—10A1-3V—-6Ti—2Ta
superalloy deformed to ~0.2% at 300 °C. It is
indicated that at 300 °C, the deformation mechanism
still involves dislocation shearing of y’ phase. It is
noteworthy that there are distinct morphological
differences between the dislocation shearing
observed at 300°C and room temperature.
Figure 6(c) additionally presents a TEM weak beam
dark field image capturing the dislocation slip
band. Notably, the characteristics of an individual
dislocation align with the reported features of a
superlattice dislocation pair dissociated by an
extended dislocation [53,54]. The term assigned to
this singular dislocation is a superlattice dislocation
pair (SDP).

Figures 6(e, f) depict TEM brightfield images
taken along another [011] zone axis utilizing the
superlattice [200], [111], and [111] reflection
for the Co—30Ni—10Al-3V-6Ti—2Ta superalloy
deformed to ~0.2% at 300 °C. Taking the six groups
of superlattice dislocation pairs within the white
dotted line as an example, when the diffraction
reflections are g=[200], g=[111],and g=[111],
the dislocations are visible, visible, and invisible,
respectively. Based on g-b=0, it can be inferred that
the primary dissociation of the extended dislocation
mainly dissociates into a/2[110] partial dislocation at
300 °C. Hence, the distinction in the deformation
mechanism of the alloy at 300 °C compared to room

traces of
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Fig. 5 STEM HAADF images along [001] zone axis for Co—30Ni—10A1-3V—6Ti—2Ta superalloy (a, b) undeformed and
(c, d) deformed to ~0.2% at room temperature

Fig. 6 (a, b) TEM bright field images and (c) TEM weak beam dark field image taken along [011] zone axis using
superlattice 200 reflection; (d—f) TEM bright field images taken along another [011] zone axis using superlattice [200],
[111], and [111] reflection for Co—30Ni—10Al-3V—6Ti—2Ta superalloy deformed to ~0.2% at 300 °C, respectively
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temperature lies in the fact that the type of shear
dislocation shifts from extended dislocation to
superlattice dislocation pairs.

Figure 7(a) shows STEM HAADF image along
[001] zone axis for Co—30Ni—10Al-3V-6Ti—2Ta
superalloy deformed to ~0.2% at 650 °C. It shows
superlattice dislocations shearing y’ phase, which
is consistent with the shearing mechanism of
dislocations at 300 °C. Figures 7(b, c) depict TEM
brightfield images of superlattice dislocation pairs
taken along [001] and [122] zone axis. It is indicated
that the extended dislocation dissociates into
superlattice dislocation pairs after shearing the y’
phase. Among them, a and f respectively denote two
superlattice dislocation pairs, where al represents
a leading partial dislocation and a2 a trailing
dislocation, while f1 and p2 exhibit similar
characteristics. It is important to note that a1 and o2
are two independent partial dislocations under the
[122] zone axis, forming a superlattice dislocation
pair known as APB-coupled. On the other hand,
p1 and B2 demonstrate the invisibility of partial
dislocation segments due to the sliding of APB-
coupled superlattice dislocation pairs from (111)
to (001), referred to as K—W locks. Additionally,

R Ty d4.
&

'.‘ s’y N &
\ : \ II’ N A
B=[001]

B=[001] \ 4

features resembling K—W locks are also observed
in Fig. 6(f), consistent with the research findings
of WANG et al [53] and ZHANG et al [54].

Figures 7(d—f) show the TEM images of the
superlattice dislocation pairs under different
superlattice reflections (g=[020], g=[220] and
2=[200]). Table 1 summarizes the intensity of
superlattice dislocation pairs under different
superlattice reflections according to Figs. 7(d—f).
The dislocations di—3 and ds exhibit consistent
visibility (V, I, V) under different superlattice
reflections (g=[020], g=[220] and g=[200]), which
suggests that their Burger’s vector is [110]. The
superlattice dislocation pair, ds and ds, are visible
under different diffraction reflections, indicating
their Burger’s vector is [110]. It is worth noting
that the Burger’s vector for dislocation d; cannot
be determined under three diffraction reflections.
However, based on the Burger’s vector of other
dislocations, it can be inferred that the Burger’s
vector of d7 should be [101] or [101].

In this work, the dissociation form of (110)
superlattice dislocations in the L1, structure on the
{111} plane is as follows:

For superlattice dislocations d, 3:

B=[001]

Fig. 7 STEM HAADF image along [001] zone axis (a) and TEM bright field images (b, c) taken along [001] and [122]
zone axis, (d, e) taken along [001] using superlattice [020] and [220] reflection, and (f) taken along [013] using
superlattice [200] reflection for Co—30Ni—10Al-3V—6Ti—2Ta superalloy deformed to ~0.2% at 650 °C
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Table 1 Intensity of superlattice dislocation pairs under
different superlattice reflections

Reflection, Superlattice dislocation
8 di d d A ds A dy
0200 V. V V V VvV V I
[220] I I I vV 1 V V
\%

2000 V V V V V V

Burger’s — — 1017/
vector [110] [110] [110] [110] [110] [110] [101]

V: Visible; I: Invisible

—

a[110]—>%[110]+APB+%[1101 (1)
Similarly, for superlattice dislocation da:
a[110]—> %[T10]+APB+%[T10] )

Therefore, the deformation mechanism of the
Co—30Ni—10AI-3V—6Ti—2Ta superalloy at 650 °C
is partial dislocation shearing y' phase, which
involves the dissociation of extended dislocations
into a/2(110) superlattice dislocation pairs, and the
shear form is represented by anti-phase boundaries
(APB).

Figure 8 demonstrates TEM brightfield images
taken along [001] zone axis using superlattice
[220] reflection for the Co—30Ni—10A1-3V—6Ti—2Ta
superalloy deformed to ~0.2% at 900 °C. It is found
that (1) the dislocation accumulation around the y'
phase occurs (red arrow in Fig. 8(a)), (2) the number
of superlattice dislocation pairs decreases (the white
arrow in Fig. 8(b)), (3) the dislocation density in the
y phase increases (the red arrow in Fig. 8(b)), and (4)
complex stacking faults (SFs) appear at the edge of
the y’ phase (black arrow in Fig. 8(c)). Among them,
the density of SFs differs from the research findings
of Co—Ti based superalloy. For instance, in Co—12Ti
and Co—12Ti—4Mo alloys, a significant presence
of SFs was noted at 700 °C [55]. Similarly, in
the Co—11Ti—15Cr alloy, a notable abundance of
stacking faults was observed at 850°C [19].
However, in this study, only a minimal quantity of
SFs is observed at 900 °C, suggesting that the
Co—30Ni—10Al-3V—-6Ti—2Ta superalloy exhibits
higher SF energy. Additionally, at 900 °C, a
significant amount of dislocation shearing of the y’
phase is observed, accompanied by the formation of
dislocation loops (Fig. 8(b)). Two factors can explain
this phenomenon: (1) As the temperature increases,

I

10 1/nm

Dislocation

—

i
% 3%

Fig. 8 TEM bright field images taken along [001] zone
axis using superlattice [220] reflection for Co—30Ni—
10Al-3V—-6Ti—2Ta superalloy deformed to ~0.2% at
900 °C

the activation energy for dislocation movement
decreases, making the dislocations move more
easily and intensely at higher temperatures.
Since the dislocation movement is a microscopic
manifestation of the macroscopic deformation in
the alloy, this explains why the alloy deforms
more readily at high temperatures. (2) At high
temperatures, «@/2[110] superpartial dislocations
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decompose into a/3 or a/6 [112] partial dislocations,
accompanied by the formation of stacking faults,
which further weakens the strengthening effect of
K—W Lock, leading to reduction in yield strength at
900 °C [52,56]. It should be noted that the formation
of stacking faults does not necessarily imply a
reduction in strength. The a/6(112) Shockley
partial dislocations can further decompose at
high temperatures to form a/3¢001) immobile rod
dislocations, known as Hirth Lock, or a/6{110)
immobile rod dislocations, known as L—C Lock
[57,58]. Both of these deformation mechanisms can
help maintain higher mechanical properties at high
temperatures. However, since this study did not
investigate the interactions among stacking faults,
the sliding of stacking faults remains one of the main
reasons for the degradation of performance of the
alloy beyond 900 °C.

Based on these findings, the primary
deformation mechanism of Co—30Ni—10Al-3V—
6Ti—2Ta superalloy from room temperature to
900 °C is the shear of dislocations in y’ phase. It
is noteworthy that the form of dislocation shear
changes with different deformation temperatures.
Specifically, at room temperature, the shearing form
is the primary dislocation shear of the y’ phase.
Between 300 and 650 °C, there is a transition to the
shear of the y’ phase by APB-coupled superlattice
dislocations, and beyond 900 °C, it gradually
transforms into partial dislocation shear of the y'
phase by SFs. The transition in deformation
mechanisms can be attributed to the differences
in the formation mechanisms of APBs and SFs.
The formation of APBs is an adiabatic process,
independent of local atomic diffusion. When the
external energy provided (i.e., temperature and
deformation) exceeds the energy barrier of APBs,
they are generated. In contrast, the formation of
SFs is a result of atomic diffusion [59,60]. Under
sufficient temperature and time, solute atom
segregation tends to occur at the SF sites, leading
to phase transformation of the L1, phase, thereby
weakening the strengthening effect of the L1, phase.
Therefore, the maintenance of yield stress between
300 and 650°C is primarily caused by the
strengthening effect of K-W locks. The reduction in
YSA onset temperature is attributed to the high
SF energy of the Co—30Ni—10Al-3V—-6Ti—2Ta
superalloy, which further supports previous studies
[44,52]. Furthermore, the elevated y' dissolution

temperature is the key factor contributing to the
higher abnormal yield stress observed in comparison
to traditional Co—Ti based superalloy.

4 Conclusions

(1) The Co—30Ni—10AI-3V—-6Ti—2Ta alloy
demonstrates a high ¢’ dissolution temperature
(1234°C) and low density (8.15 g/cm?), with
experimental data showing good agreement with
CALPHAD predictions.

(2) Between 28 and 650 °C, the yield strength
of the Co—30Ni—10Al-3V—6Ti—2Ta alloy increases,
displaying distinct abnormal yield behavior.

(3) The onset of abnormal yield behavior at
relatively low temperatures is attributed to the
high stacking fault energy of the alloy, while the
enhanced yield strength is primarily driven by the
strengthening effect of K—W locks.
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