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cubic (FCC) y-matrix [2,4]. Co-based superalloys generally
have better oxidation and hot corrosion resistance [5—7]. The
melting point of Co is 1495 °C, 40 °C higher than that of Ni
(1455 °C), which could be regarded as a potential capability for
improving service temperature of the alloy. However, the
strength of Co-based superalloys is commonly achieved by
solid solution or carbide strengthening [8—10], which results
in the relatively lower strength than that of Ni-based super-
alloys and thus limits industry application of Co-based
superalloys.

1. Introduction

Both Ni- and Co-based superalloys occupy important posi-
tions in the history of superalloys and are widely applied in
numerous fields as structural materials [1-3]. As the most
commercially successful superalloys, Ni-based superalloys
have superior high temperature strength, which results from
a stable two-phase microstructure containing L1,- v’ coherent
precipitates (NizAl) uniformly distributed in a face-centered
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Over the last decades, alloy design and development
through precipitation strengthening in Co-based superalloys
continuously remain a research frontier in the high temper-
ature material field [3,8—11]. The main challenge is that, un-
like NizAl with L1, ordered structure, the phase CosAl is
metastable in Co—Al system and it tends to form B2—CoAl
phase [12], which cannot provide effective strengthening for
the alloy and the intermetallic CoAl phase itself is brittle
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below ductile to brittle transition temperature (DBTT). Until
2006, Sato et al. [11] report that W addition can stabilize y'-
Coz(Al, W) phase with L1, ordered structure in a ternary alloy
Co-9.2A1-9W, which provides a new possibility to develop Co-
based superalloys with precipitation strengthening, just
similar to the Ni-based single crystal superalloys [4,13]. From
then, various efforts have been exerted to explore effects of
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Fig. 1 — The temperature dependence of phase fraction under thermodynamic equilibrium for (a) Co9Al5Mo,
(b) Co9AI5Mo10Ni, (c) Co9AI5Mo20Ni, (d) Co9AISMo30Ni, () Co9A15Mo30Ni2Ta and (f) Co9A15Mo30Ni4Ta alloys.


https://doi.org/10.1016/j.jmrt.2023.09.154
https://doi.org/10.1016/j.jmrt.2023.09.154

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;26:7789—-7802

7791

1500
&) 1350- Solidus + <o
[ o
= 1200
*3 +Ta
@ 1050 +Ni —
£ / -
IE 900 i L
=" y'solvus
750 o~
6 = = o © o
s 5 £ 8 5 &
< Eo Eo Eo S =)
2 © B B 3 9
O & <& < = =
32 2 3 & &
o o o g §
[+] [+]
o o

T

Mole fraction of phases (%)

+Ni +Ta

100

0 O
o o

[=2}
o

a ~
o o

H
o

Co9AI5Mo 7]
Co9AI5Mo10Ni
C09AI5M020Ni
Co09AI5Mo30Ni

Co9AI5Mo030Ni2Ta-
Co09AI5M030Ni4Ta-

Fig. 2 — (a) The calculated v’ solvus, solidus temperatures and (b) mole fraction of the phases at 950 °C, as a function of
additions of Ni and Ta, based on Co9A15Mo, Co9A15Mo010Ni, Co9AISM020Ni, Co9AI5Mo30Ni, Co09AISM030Ni2Ta and

Co9A15Mo30Ni4Ta.

properties and phase stability with the aim to develop pre-
cipitation strengthened Co-based superalloys. Generally, Mo
can provide solid solution strengthening for the matrix [14],
but high Mo concentration would induce other harmful pha-
ses, such as topological close packed (TCP) phases [15—19]. Ta
and Ni are two of the most important elements to stabilize y'
phase and increase y' phase solvus temperature [20—22].
Additionally, Cr plays a crucial role in oxidation and corrosion
resistance [23,24]. Similar to Mo, high concentration of Cr can
facilitate the formation of TCP phases. For example, Chen and
Yan et al. reported that Cr addition above ~10 at.% facilitates
formation of p and B phases, and therefore decrease the creep
properties of Co—Al-W and Co—Ni—Al-W alloys [25—28].

Briefly, although several L1,-structured vy’ precipitation
strengthened Co-based superalloys have been successfully
developed, such as Co—Al-W [11,15—-19], Co—Ni—Al-Ta/Nb
[20,22], Co—Ni—Cr—Al-Mo—Ta/Nb [20,29], Co—Al-V/Ta
[30—32], etc., multicomponent precipitation strengthened Co-
based superalloys are still under development and have
restricted their applications, with comparison to Ni-based su-
peralloys. Here, with the aid of thermodynamic calculation,
Co9A15Mo30Ni2Ta is selected as the base alloy for further
experimental validation. Alloying elements Ni and Ta are
added to stabilize the L1,-structured vy’ phase and Mo is added
to strengthen the matrix. For further balancing oxidation
resistance and ductility of the alloy, Cr and B are added and
investigated experimentally. A L1,-structured precipitation
strengthened Co-based superalloy is successfully fabricated.
Moreover, to reveal the relationship among the processing,
microstructures and mechanical properties, the microstruc-
tures during different processing steps, before and after me-
chanical tests, are investigated by using scanning electron
microscopy (SEM) and scanning/transmission electron mi-
croscopy (S/TEM) and the temperature effects on the defor-
mation mechanism are briefly discussed.

2. Thermodynamic calculation

In Co-based solid solution superalloys, Mo is usually added as
an important strengthening element [14]. Al is the essential
element for developing precipitation strengthened Co—Al
system superalloys. When the CALPHAD method is adopted
to screen the alloy composition by using ThermoCalc software
with a TCHEAG6 database, addition of y’ stabilizers, such as Ni
and Ta, are considered with Co—Al—Mo ternary system as the
start point. In order to ensure the phase/microstructure sta-
bility of screened alloy at high temperature, two principles are
considered: (1) the melting point of the alloy, solvus temper-
ature and mole fraction of y' phase should be as high as
possible, (2) it is better that no TCP phases appear.

Fig. 1 shows some examples of thermodynamic calcula-
tion, which are the temperature dependence of phase fraction
under thermodynamic equilibrium of several compositions.
In Co9AISMo and Co9AISMo10/20Ni (Fig. la—c), the equilib-
rium phases include liquid phase, v, ¥’ and o (TCP) phases. In
Co9AISMo30Ni and Co9AI5Mo30Ni2Ta/4Ta (Fig. 1d—f), there
are only three phases, including liquid phase, v and v’ phases,
and the o phase disappears. Moreover, with increasing Ni
concentration and the addition of Ta, it seems that the solvus
temperature and mole fraction of ¥/ phase increase.

Fig. 2 further summarizes the calculated vy’ solvus, solidus
temperature and mole fraction of phases at 950 °C, as a
function of additions of Ni and Ta. The vy’ phase solvus tem-
perature is calculated to be as low as 734 °C in ternary
Co9Al5Mo alloy. A large single-phase FCC region exists above
734 °C up to the solidus temperature (1424 °C). With Ni addi-
tion increasing from 10 to 30 at.%, the ' solvus temperature
increases by 156 °C without decreasing solidus temperature
(Fig. 2a). And the mole fraction of ¥’ phase increases to ~10% at
950 °C in Co9AI5Mo30Ni, while there's no y' phase in
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Table 1 — Nominal and measured (EDS quantification)

compositions (at.%) of CoO9A15Mo030Ni2Ta15CrB (Co001)
and Co9AISMo30Ni2Ta10CrB (Co002) alloys.

Elements Co Ni Al Cr Mo Ta B

Co001 alloy Nominal Bal. 30 9 15 5 2 0.03
Measured Bal. 30.1 85 152 53 20 ~

Co002 alloy Nominal Bal. 30 9 10 5 2 0.03
Measured Bal. 302 84 102 54 21 ~

Co9Al5Mo alloys with ONi, 10Ni and 20Ni at 950 °C (Fig. 2b).
Furthermore, with 2 at.% Ta addition in Co9A15Mo030Ni2Ta
alloy, the calculated v’ solvus temperature increases to higher
than 1000 °C and the mole fraction of y’ phase at 950 °C rea-
ches up to ~20%. However, further increasing Ta addition to
4 at.% does not affect the vy’ solvus temperature significantly
but rapidly decreases the solidus temperature by ~90 °C
(Fig. 2a). Therefore, Co9AI5Mo030Ni2Ta is selected as the base
alloy for further experimental validation.

In addition, Cr is added to improve resistance to oxidation,
which is essential for high temperature applications of Co-
based superalloys [4,23,24]. However, high concentration Cr
can facilitate formation of TCP phases, and thus, the Cr
addition is controlled to be as high as possible but lower than
the critical concentration for TCP phases [25—28]. It is found
that TCP phases can be avoided when Cr concentration is
lower than 10 at.% in Co—Al-W and Co—Ni—Al-W alloys
[25—28]. Therefore, 10 and 15 at.% Cr additions are investi-
gated experimentally. Moreover, because B, as a trace
element, is normally added in precipitation strengthened Ni-
based superalloys to strengthen grain boundary [2,8,33],
0.03 at.% B is also added. Collectively, two alloy compositions
(as shown in Table 1) are subsequently fabricated and thermal
mechanical processed and their microstructures are carefully
experimentally investigated.

3. Material and methods

3.1. Material preparation

The material is prepared from the constituent elements Co, Ni,
Al, Cr, Mo, Ta and B (higher than 99.9% purity), through arc
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melting in an Ar atmosphere in a water-chilled copper hearth.
The alloy ingot is flipped and re-melted more than five times to
ensure chemical homogeneity, and then drop-castinto a water-
chilled Cu mold with a dimension of 12.5 x 12.5 x 120 mm?. The
total weight is 200 g and the total weight loss of the ingot is less
than 0.2%. Therefore, the as-cast alloy is assumed to have the
desired composition, which is also confirmed by energy
dispersive spectroscopy (EDS) quantification shown in Table 1.
The elementBis notincluded in EDS quantification because EDS
analysis of light elements with atomic number Z less than 11 is
not reliable.

3.2. Differential scanning calorimetry (DSC) and heat
treatment

Phase transformation temperatures of the alloys are investi-
gated by a Netzsch DSC 404 (NETZSCH-GmbH, Germany) in-
strument. The complete DSC cycle is heating from RT to
1470 °C and then cooling to 200 °C at a rate of 20 °C/min. All
tests are conducted in a purged high-purity argon with flow
rate of 20 mL/min. Melting temperatures and phase trans-
formation temperatures are determined from heating curves
with Netzsch Proteus Thermal Analysis software (NETZSCH-
GmbH, Germany).

The heat treatment experiments are carried out in a vac-
uum/Ar protected tube furnace, in which the heating rate and
holding temperature can be program controlled. Before heat-
ing, the tube furnace is evacuated to a vacuum of <1 Pa and
then followed by refilling with high purity argon.

3.3.  Tensile testing

The 0.2% offset yield strength (YS) and elongation to fracture
(EF) are evaluated by tensile testing at a temperature range
from RT to 1000 °C. The recrystallized plate is cut into dog-
bone-shape specimens with gauge sections about
1.8 x 1.5 x 9.5 mm? by electro-discharge machining (EDM).
The surfaces of the gauge section are carefully ground with
600 grit SiC paper to eliminate oxide layers and microcracks
that may be introduced during EDM. Tensile tests are con-
ducted on a screw-driven mechanical testing machine
equipped with an induction heater at laboratory atmosphere.

1100
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Coalloy002
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02Ta
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Fig. 3 — (a) DSC heating curves of Co001 and Co002 alloys. (b) The measured y’ solvus temperature of Co001 and Co002
alloys, which are higher than Co10A15Mo2Ta, Co30Ni10A15Mo2Ta, Co9Al19.8W and Co35Ni9Al9.8W precipitation

strengthened Co-based superalloys [4,20,39].
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A thermocouple is in direct contact with the sample gauge
section to monitor testing temperature within +3 K of the set
temperature for elevated temperature tensile testing. In
addition, tensile samples are heated to testing temperature
by the induction heater and hold at least 15 min before
applying load. All the samples are tested at a constant
cross head displacement rate of 0.57 mm/min, which corre-
sponds to an engineering strain rate of 102 s~*. The length
(marked by two Vickers hardness indentation impression in
the gauge section) before and after fracture are measured to
calculate the EF. The YS is calculated using 0.2% offset
method.

3.4. Microstructure characterization

To observe the microstructure, samples with a thickness of
1-2 mm are cut by EDM and ground down to 1200 grit SiC
paper, followed by mechanical polishing. Some polished
samples are electrochemical polished in phosphoric acid to
better reveal the microstructure. The SEM images are all
captured in a FEI quanta 650 SEM using an accelerating
voltage of 15 kV and a 10 mm working distance, equipped
with a secondary electron (SE) detector, a back scattered
electron (BSE) detector, and an Oxford EDS detector.

Thin foils with diameter ~3 mm punched from the heat
treated and tensile deformed specimens are ground to a
thickness of ~50 pm and then twin-jet electropolished in an
alcoholic solution containing 5 vol% perchloric acid at
—30 °C. TEM imaging and quantitative composition analysis
of v and ¥’ phases are carried out on a Tecnai G* F20 TEM
and a spherical aberration corrected FEI Titan G? TEM,
which are operated at 200 kV. High angle annular dark field
(HAADF) and ADF STEM images were all captured on the
latter TEM.

3.5.  Measurement of the stacking fault energy (SFE)

The SFE (ysf) of the matrix can be estimated by the following
equation [34—38],

Gbé 2—v 2v cos20
Vst =53 1-
S 8rd \1—v 2—v
where G is shear modulus, b, is the length of the Burgers
vector of the partial dislocation, v is Poisson's ratio, d is the

width of dislocation core and 6 is the angle between the
dislocation line and the burgers vector of the full dislocation.

3-1)

4. Results and discussion
4.1. 7" solvus temperature

Fig. 3a shows DSC heating curves of Co001 and Co002 alloys,
where the first endothermic peak corresponds to y’ solvus
temperature (pointed by the black arrows) and the second is
the melting peak of the alloy. Melting temperatures of Co001
and Co002 alloys are determined to be 1303 and 1324 °C,
respectively. And y’ solvus temperatures of Co001 and Co002
alloys are determined to be 1054 and 1059 °C respectively,
which are both around 60 °C higher than the calculated re-
sults. Fig. 3b shows that y’ solvus temperatures of Co001 and
Co002 alloys are slightly higher than Co35Ni9Al9.8W and
Co30Ni10AI5Mo2Ta alloys, and much higher than Col10AI5-
Mo2Ta and Co9Al19.8W alloys [4,20,39], which indicates that
the thermodynamic calculation is effective to guide alloy
design. According to DSC results, as-cast ingots are homoge-
nized at 1250 °C for 4 h followed by water cooling (WC). The
homogenized bars are cold rolled along longitudinal ingot
direction to a total thickness reduction of ~80%. The cold

Fig. 4 — BSE images and corresponding EDS maps of the area indicated by rectangle of as cast (a) Co001 and (b) Co002 alloys,
showing that both alloys exhibit typical dendritic structure and Ta and Mo are segregated in interdendritic regions.
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Fig. 5 — BSE images and corresponding EDS maps of (a) Co001 and (b) Co002 alloys after recrystallization. Both Co001 and
Co002 alloys show equiaxed grains, but with different grain sizes, which is ~10 pm for Co001 (a) and ~70 pm for Co002 (b).
Notably that there are precipitations with bright contrast distributed in the Co001 alloy. SAED pattern (the inset in [a]) and
EDS maps demonstrate that these precipitations are TCP phase rich in Ta and Mo. But no TCP phase is observed and all

elements are uniformly distributed in Co002 alloy.

rolled plates are then recrystallized at 1050 °C for 1 h (WC) and
finally aged at 950 °C for 4 h followed by air cooling (AC).

4.2. Microstructural evolution and phase analysis

Both Co001 and Co002 alloys exhibit typical dendritic struc-
tures, as shown in Fig. 4a & b, which are normally found in as-
cast alloys due to constitutional supercooling during solidifi-
cation process [40]. Under BSE imaging mode, dendrites are
darker than interdendritic regions, indicating that heavy ele-
ments segregate in interdendrites, which are confirmed to be
Ta and Mo by EDS analysis (Fig. 4a & b).

After homogenization, cold rolling and recrystallization,
both Co001 and Co002 alloys exhibit equiaxed grains, but the
average grain sizes are different, which is ~10 pm for Co001
alloy (Fig. 5a) and ~70 pm for Co002 alloy (Fig. 5b). The small
grain size of Co001 alloy might be attributed to the pre-
cipitations with bright contrast, which are uniformly distrib-
uted in the alloy. Selected area diffraction pattern (SADP) and
EDS maps (Fig. 5a) demonstrate that these precipitates are TCP
phase rich in Ta and Mo. EDS quantification reveals that
composition of the TCP phase is Co-19.0Ni-3.2Al-15.5Cr-
15.3M0-8.0Ta (at.%), as shown in Table 2, thus, the Co001

alloy with 15 at.% Cr is easy to form TCP phase. And the
microstructural and elemental inhomogeneity have been
eliminated in the Co002 alloy, where all elements are uni-
formly distributed in the alloy after recrystallization, indi-
cated by EDS maps in Fig. 5b. Generally, TCP phases are brittle
and consume strengthening elements, therefore damage
mechanical properties of the alloy [4]. Therefore, the Cr
addition for the Co—Al-Mo—Ni—Ta—Cr system alloy should be
lower than 15 at.% and Co001 alloy is not considered for
further investigation.

Fig. 6 shows microstructure of the Co002 alloy after
recrystallization and aging, clearly indicating that a L1,-
structured vy’ precipitation strengthened Co-based superalloy
is obtained. Fig. 6a & b are SE images of the recrystallized and
aged samples, respectively. There are small amounts of pre-
cipitates with diameter about 30~50 nm after recrystallization
(Fig. 6a). After aging, large amounts of spherical precipitates
with diameter of ~100 nm uniformly distribute in the matrix
(Fig. 6b), indicating that these spherical precipitates are
mainly precipitated during aging, which is similar to the
process of precipitation strengthened Ni-based superalloys
[4,41]. In addition, the area fraction of precipitations is
measured to be about 55%. EDS results (Fig. 6¢) reveal that

Table 2 — Compositions (at.%) of the TCP phase and matrix in Co001 alloy.

Elements Co Ni Al Cr Mo Ta
TCP phase 39.0+0.3 19.0 +£ 0.2 3.2+05 155+ 0.1 153+ 04 8.0+0.3
Matrix 384 +0.2 30.5+0.3 83+ 0.5 15.6 + 0.1 5.2+0.2 20+0.1
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Recrystallization "

Fig. 6 — Microstructures of the Co002 alloy. (a, b) SE images of the recrystallized (a) and aged (b) alloys, respectively. A large
number of spherical precipitates with ~55% area fraction are uniformly distributed in the matrix. (c) STEM image and
corresponding EDS maps of the aged alloy show that the spherical precipitate is rich in Ni, Al and Ta, while the matrix is rich
in Co, Mo and Cr. (d) Atomic resolution HAADF-STEM image indicates that the matrix and precipitate is coherent, with
viewing direction along [001] direction. The interface between the two phases is indicated by dash line. Insets in (d) are
SADPs of the two phases in aged alloy along [001] zone axes, indicating that the matrix is FCC structured (y phase) and the
precipitate is L1, ordered structured (v’ phase). Some superlattices of v” phase are indicated by dash circles.

these spherical precipitates are rich in Ni, Al and Ta, while the
matrix is rich in Co, Cr and Mo. Quantified EDS analysis of the
two phases are shown in Table 3. It is found that average
composition of precipitates is 31.2Co0-41.0Ni-15.1Al1-3.3Cr-
3.7Mo0-5.7Ta, and that of the matrix is 46.2Co-27.4Ni-6.3Al-
12.7Cr-6.2Mo-1.2Ta (at.%). Fig. 6d is the atomic resolution
HAADF-STEM image, demonstrating that the precipitate is
coherent with the matrix. To reveal the crystal structures of
the matrix and these spherical precipitates, SADPs of the two
phases have been captured with viewing direction along [001],
as shown as insets of Fig. 6d. The matrix is FCC structure,
which is often called y phase. Superlattices of precipitates
(some are indicated by red dash circles) indicate that pre-
cipitates are L1, structured, which is the so-called y" phase.
Combined with the EDS analysis and TEM characterization,
these spherical precipitates are determined to be intermetallic
(Ni, Co)s(Al, Ta) with L1,-ordered structure.

Generally, absolute value of the lattice mismatch (/3/) be-
tween matrix and precipitate determines morphology of the
precipitate [42—46]. The lattice mismatch between y and vy’
phases (3) can be determined by 5 = 2(a,-a,)/(a, +a,), where a,

and a, are lattice parameters of y and y’ phases, respectively.
If /3/ is lower than 0.3%, precipitates are likely to be spherical,
while with the /3/ increases, precipitates become cubic
[42,47—49]. From the SADPs, lattice parameters of y and vy’
phases in Co002 alloy are determined to be 0.3580 and
0.3587 nm, respectively. Therefore, § is only about +0.2%,
which is consistent with the spherical morphology of v’
precipitates.

4.3.  Mechanical properties and fracture analysis

Tensile properties of recrystallized and aged Co002 alloys are
measured over a temperature range from RT to 1000 °C and
the results are shown in Fig. 7. Engineering stress-strain
curves (Fig. 7a and b) indicate that, at temperature below
600 °C, two alloys experience continuous work hardening
before failure. At temperatures above 600 °C, alloys fracture
after yielding with limited plastic deformation. Due to the
relatively high area fraction of y" phase, YS of the aged alloy is
higher than that of the recrystallized alloy in the entire test
temperature range. The YS of the aged alloy is higher than

Table 3 — Compositions (at.%) of the y-matrix and v’ phase in Co002 alloy measured by EDS.

Elements Co Ni Al Cr Mo Ta
' 31.2 + 0.6 41.0 + 0.1 15.1+0.8 3.3+0.1 3.7+03 5.7+03
% 46.2 + 0.4 27.4+0.3 6.3 +0.9 12.7 + 0.2 6.2 +0.4 1.2 +0.2
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the alloy as a function of temperature.

600 MPa when temperature below 800 °C. In addition, anom-
alous temperature dependence of yielding behavior also exists
in both alloys, which is often reported in precipitation
strengthened Ni-based superalloys [4,50—53]. As shown in
Fig. 7¢, when temperature increases, YS of these two alloys
decrease slightly (from RT to 400 °C), remain unchanged or
even increase slightly (600 °C—700 °C for recrystallized alloy,
and 600 °C—800 °C for aged alloy), and then dramatically
decrease. This anomalous yielding phenomenon at tempera-
ture ranging from 600 °C to 700/800 °C is similar to that found
in vy’ precipitation strengthened Ni-based superalloys. It might
be caused by the cross-slip of antiphase boundary (APB) from
the {111} to {001} plane in y’ phase [4,54]. Once the APB cross
slips onto {001} plane, the super dislocation becomes sessile
(so-called Kear-Wilsdorf lock), which can effectively resist
deformation, thus the yield strength shows anomalous tem-
perature dependence at this temperature region [4,54]. The
temperature dependence of EF is shown in Fig. 7d. Clearly,
temperature significantly affects the EF of alloys. When tem-
perature is lower than 400 °C, EF is higher than 40%, indicating
good ductility. However, when temperature exceeds 600 °C, EF
dramatically decreases to lower than 10%, and reach the
minimum at 800—-900 °C (only ~ 2%). When temperature
further increases to 1000 °C, EF increases to ~5%. The trend of
EF with increasing temperature is similar with the so-called
“intermediate temperature brittleness” in precipitation
strengthened Ni-based superalloys [4,55,56].

Strength of the developed precipitation strengthened Co-
based superalloy is promising. As shown in Fig. 8, at

temperatures ranging from RT to 1000 °C, strength of the
Co002 alloy is much higher than that of traditional solid so-
lution Co-based superalloys, such as widely used Haynes 188,
Haynes 25 and MAR-M509 [10,57]. In addition, it is also
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Fig. 8 — Temperature dependence of YS of the aged C0002,
other traditional Co-based and Co—Al-W system alloys.
Brown ellipse represents solid solution Co-based
superalloys Haynes 188, Haynes 25 and MAR-M509
[10,57]). Blue ellipse represents Co—Al-W based
precipitation strengthened superalloys [16,58].
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Fig. 9 — Fracture surfaces of the aged Co002 alloy after tensile tests at RT and 800 °C, respectively. (a) Dimple-like fracture
surface indicates ductile fracture at RT. (b) Intergranular brittle fracture at 800 °C with the appearance of “rock candy”.

comparable with or even slightly higher than that of precipi-
tation strengthened Co—Al-W system superalloys, such as
Co—9Al-9W—2Ta-0.02B-0.02Ce [58] and Co—9Al-5W—-2Ta-
0.02B—4Mo [16].

4.4. Deformation mechanism

To explore the deformation mechanism of the Co002 alloy
after aging, fracture surfaces after tensile tests have been
observed. At low temperatures (Fig. 9a), dimples are observed
on the fracture surface, indicating ductile nature of the alloy.
When temperature increases to higher than 600 °C, inter-
granular fracture occurs. For example, the fracture surface at
800 °C (Fig. 9b) consists of massive smooth facets and exhibits
the appearance of “rock candy”. Therefore, the intermediate

Observed
Area

Tensile direction

temperature brittleness of the vy’ precipitation strengthened
Co-based superalloys appears to originate from grain bound-
ary brittleness, which is also commonly found in precipitation
strengthened Ni-based superalloys [4,55].

Deformation behaviors of the aged Co002 alloy at different
temperatures are investigated. As shown in Fig. 10a, the
deformed microstructure are observed near the fracture sur-
face. After fracture at low temperature (RT-400 °C), the orig-
inal spherical " precipitates are stretched along tensile
direction and become oval-shaped (Fig. 10b). In addition,
massive shearing traces through both phases are observed,
which are indicated by red arrows in Fig. 10b. When temper-
ature increases to intermediate temperature (600—900 °C),
there are still some shearing traces (red arrows in Fig. 10c)
near the fracture, but the density of traces is much lower than

(010“9 UY" ®

k
S ‘ﬂ‘é'.ﬂ‘ P z‘.'
C

Fig. 10 — Microstructure of the aged Co002 alloy fractured at RT, 800 and 1000 °C. (a) Schematic illustration of the observed
area for SEM characterization. (b—d) SE images showing deformed microstructures near the fracture surfaces after tensile
testing at RT (b), 800 °C (c) and 1000 °C (d). The shearing traces are indicated by red arrows in (b) and (c).
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that deformed at RT, which might be attributed to the reduced
ductility at intermediate temperatures. However, at high
temperature (1000 °C), there is no shearing trace anymore, and
the v’ precipitates are still spherical (Fig. 10d).

To reveal the deformation mechanism, TEM is used to
characterize deformation substructure in the deformed alloy.
Under ADF-STEM imaging mode, there are large amounts of
bright strips in the grains of specimen fractured at RT,

1

s

R, I
.

indicated by arrows in Fig. 11a. The SADP shown as inset in
Fig. 11a demonstrates that there are only diffraction spots of y
and y" phases without specific spots of twins or other phases,
which reveals that those strips are slip bands. Figs. 11b & c are
atomic-resolution HAADF-STEM images, indicating that de-
fectsin y and vy’ phases are different. Defectin y phase is an a/
2<110> full dislocation, which dissociates into two a/6<112>
partial dislocations and a stacking fault (SF) between them

—p
b =a/2[110]

Fig. 11 — TEM/STEM characterization of the deformed specimens at RT. (a) STEM image of the fractured sample, indicating a
large number of bright strips. SADP of these strips (shown as the inset), only with diffraction spots of y and v’ phases
demonstrates that these strips are mainly dislocation slip bands (marked by the yellow arrows). (b, c) Atomic-resolution
HAADF-STEM images showing defects in y matrix (b) and v’ phase (c). The defect in y phase is an a/2 <110> full dislocation,
which dissociates into two a/6<112> partial dislocations (paired green arrows) and a stacking fault (SF) between them,
while the defect in v’ phase is an a <110> superdislocation. The superdislocation consists of two a/2 <110> super partials
(indicated by I and II in (c), respectively). (d) TEM image with about 10% plastic strain, indicating dislocation pairs (marked by
red arrows) shearing the vy’ phase. (e) Atomic-resolution HAADF-STEM image showing a few short deformation twins

(shorter than 12 nm) with thickness of three atomic layers.
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Fig. 12 — TEM characterization of the fractured specimens at 800 and 1000 °C, showing interaction between y" phase and
dislocations in the deformed alloys. Dislocation pairs shearing y’ phase are observed at 800 °C, while there are mainly
tangled dislocations and dislocation loops surrounding v’ phase at 1000 °C.

(Fig. 11b), which is commonly found in FCC solid solution al-
loys [59—61]. Defectin y" phase is an a <110> super dislocation
consisting of two a/2<110> super partials, coupled by an APB
between them (Fig. 11c). The two super partials are indicated
by Iand Il in Fig. 11c, and their corresponding atomic resolu-
tion HAADF-STEM images are shown as insets in Fig. 11c. The
two super partials have the same Burgers vector, which are
both a/2[110]. However, high dislocation density in the frac-
tured specimen obstructs observation of dislocation
morphology, interrupted tensile test has been conducted at
plastic strain about 10%. Fig. 11d shows that dislocation pairs
consist of two a/2[110] dislocations (indicated by red arrows),
which pass through both phases. These dislocation pairs are
generally observed in deformed vy strengthened Ni-based
superalloys [4,51]. Coordination of two a/2<110> dislocations
in y phase and a<110> super-dislocation in vy  phase is
responsible for the shearing of both phases (Fig. 10b).

Deformation twinning has been reported to be a dominant
deformation mechanism for FCC CoNi-based alloys [60—63].
For examples, large amounts of deformation twins have been
observed in CoNi-based solid solution alloys GH5188 (nominal
composition is CogoNiy,Cry;Fe,Ws) and CoNiCr medium en-
tropy alloy (MEA). However, as shown in SADP (inset of
Fig. 11a), there is no deformation twins in the Co002 alloy
fractured at RT. The volume fraction of twins might be too
little to be distinguished in SADP, therefore atomic resolution
TEM characterization has been carefully carried out. As shown
in Fig. 11e, only a few three-layers nano-twins, whose length
is shorter than 12 nm, have been observed. Generally, the
lower the stacking fault energy (SFE, vy), the easier the for-
mation of deformation twins [64].

To determine the SFE, and compare with other alloys, more
than ten 60° dislocations in the matrix of the Co002 alloy have
been captured. Averaged width of dislocation cores in y phase
is determined to be 8.7 nm. Moreover, elastic constants,
including v and G, are needed. A FCC single phase alloy, whose
composition is the same as the matrix of Co002 alloy, is pre-
pared (details are shown in Supplementary Information). The
v and G of this alloy is determined to be 0.24 and 94 GPa, which
should be the same as that of the matrix of the Co002 alloy.
According to Eq. (3-1)Eq. (3-1), the SFE of the matrix is esti-
mated to be only about 25 mJ/m? Therefore, the SFE of the
matrix is similar with the CrCoNi MEA [61,63], where large

amounts of deformation twins have been observed after
deformation at RT. The difficulty to form deformation twins in
Co002 alloy might be attributed to the hindrance of partial
dislocations by high density of v precipitates [65—67]. Similar
phenomenon has also been found in a Co—Al-Nb—Ni—Ti—Ta
alloy [67], where the stacking faults are confined in the matrix,
and the extension of the stacking faults are hindered by v’
precipitates.

When temperature increases to intermediate temperature,
the specimen fractures shortly after yield with plastic strain of
only about 2% (Fig. 7b). It is clear that the fracture mode is
intergranular fracture (Fig. 9b), indicating that grain boundary
is weak at intermediate temperature. Consistent with the little
plasticity, the dislocation density in the specimen fractured at
800 °C is extremely low (Fig. 12a). But a few dislocation pairs,
which are passing through both phases, have still been found
in TEM (red arrows in Fig. 12a), indicating that the deformation
mode of Co002 alloy at intermediate temperature is similar to
that at RT. However, when temperature increases to 1000 °C,
the deformation mode is completely different. Large amounts
of tangled dislocations (Fig. 12b) and dislocation loops sur-
rounding the y’ phase (indicated by red arrows) have been
observed. These loops are probably dislocation debris after
dislocations bypassing the v phase, which are so-called Oro-
wan loops [68,69]. Moreover, shearing trace has not been
found and the shape of y" phase appears to be not changed
after fracture at 1000 °C (Fig. 10d). Thus, plastic strain at
1000 °C is mainly caused by deformation of the y matrix and vy’
precipitates serve as obstacles for dislocation motion, which
provide high temperature strength. The deformation mecha-
nism from RT to 1000 °C is consistent with other precipitation
strengthened Co-based alloys, such as Co—Al-W alloy [70],
Co—Ni—Al-W-Ti alloy [71].

5. Conclusion

A L1,-structured vy’ precipitation strengthened Co-based su-
peralloy is successfully fabricated and developed with the aid
of thermodynamic calculation and experimental validation.
Thermodynamic parameters, microstructure, mechanical
properties and behaviors are investigated to reveal their
relationship, which might provide guidelines for application
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and development of precipitation strengthened Co-based su-
peralloys. The main conclusions can be drawn as following:

1. A L1,-structured vy’ precipitation strengthened Co-based
superalloy is successfully fabricated with composition of
C09AI5M030Ni2Ta10CrB, whose matrix is FCC structure.

2. The spherical vy’ precipitates, which are coherent with the
FCC matrix, are mainly formed during aging treatment
(950 °C/4 h). The size and area fraction of the y" phase are
about 100 nm and 55%, respectively.

3. The vy" precipitation strengthened Co-based superalloy
exhibits promising strength at a temperature range from
RT to 1000 °C, which is much higher than that of traditional
solid solution Co-based superalloys and comparable with
or even slightly higher than precipitation strengthened
Co—Al-W superalloys.

4. TEM characterization reveals that deformation is mainly
dominated by shearing of both phases at temperatures
from RT to 800 °C. When temperature further increases to
1000 °C, plastic strain is mainly caused by deformation of
the matrix.
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