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ABSTRACT

The effects of Ni and Ta additions on the mechanical properties in the L1, compound Cos(AlLW), the
strengthening phase of Co-based superalloys, have been investigated by compression tests between room
temperature and 1000 °C, in order to elucidate the effects of stability of the L1, phase on the mechanical
properties. The additions of Ni and Ta, both of which are L1,-stabilizers that increase the L1, solvus
temperature, increase the yield strength at intermediate and high temperatures. The strength increase
is shown to be more significant as the amount of additions of these elements and thereby the stability
of the L1, phase increases. Two factors account for the strength increase at intermediate temperatures:
The reduction of the onset temperature of yield stress anomaly (YSA-onset) due to the increased complex
stacking fault (CSF) energy and the increase in both the base strength and the intensity of the yield stress
anomaly associated with an increased anti-phase boundary (APB) energy on (111) planes. The strength
increase at high temperatures, on the other hand, arises from the increase in the peak temperature due
to the increased L1, solvus temperatures. The increased strength of the L1, phase due to a higher phase
stability thus partly accounts for the improved creep strength of Co-based superalloys upon alloying with

Ni and Ta.

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Microstructures of the ternary Co-Al-W system consist of two
phases, an ordered Cos(AlLW) phase (L1, crystal structure, usu-
ally designated as the y’ phase) and a face centered (fcc) Co-rich
solid solution [1]. There has been a significant research activity
in the development of Co-based superalloys where Co3(ALW) is
the strengthening phase [2-14]. There was initially an expectation
that high-temperature mechanical properties of Co-based superal-
loys would outperform those of Ni-based superalloys. This was re-
lated to the fact that precipitation of the y’ phase in the y matrix
occurs coherently and forms cuboidal precipitates like in Ni-based
superalloys with the advantage that both the melting tempera-
ture and the elastic stiffness are higher for Co than for Ni [15,16].
In spite of this early expectation, however, the high-temperature
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creep strength of Co-based superalloys which were so far devel-
oped are modest, only comparable to those for Ni-based super-
alloys of the first generation (such as IN100, NM002 and others)
[2,4,11,14,17-23]. Many factors such as the low y’ solvus tempera-
ture [4,18], low y’ volume fractions at high temperatures [4], low
high-temperature strength of the y’ phase [24,25] and positive lat-
tice misfit between y and y’ phases [26] were suggested as be-
ing responsible for this disappointing finding. It is important to
note that the factors described above are all directly related to a
lower phase stability of the y’ phase in these alloys [4,8,16,18,20].
Alloying elements that can increase the phase stability of the y’
phase (i.e. y’-forming elements) have thus been investigated ex-
tensively, exploring whether one can benefit from the fact that el-
ements like Ni, Ta and Ti are effective in increasing the y’ phase
stability [27-33]. In fact, the creep properties of Co-based super-
alloys have been reported to improve considerably upon alloying
with these elements to the level comparable to those of Ni-base
superalloys of the second generation (such as RR2000, SRR 99 and
others) [7,34]. This has been associated with an increased y’ solvus
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temperature as well as with an increased y’ volume fraction [7,34].
The strength of the y’ phase is also expected to be improved when
these alloying elements are added, but nothing is known at present
about whether or not and how a higher strength of the y’ phase
contributes to an improved creep strength of Co-based alloys.

In the present study, we investigate the compression behavior
of L1, compounds Co3(ALW) with Ni and Ni+Ta additions in a
temperature range from room temperature to 1000 °C. Emphasis
is placed on the deformation microstructures of these L1, com-
pounds through detailed transmission electron microscopy (TEM)
investigations, paying special attention to how the anomalous in-
crease in yield stress (often referred to as ‘yield stress anomaly’
in L1, compound research [35-41]) occurs in these L1, com-
pounds, in comparison with the ternary Cos(AlLW) base alloy with
a composition of Co-12 at.%Al-11 at.%W [25]. We will discuss how
and why the mechanical properties of the Co3(ALW) compounds
change upon alloying with Ni and Ni+Ta and how the changes in
mechanical properties of the y’ (Co3(ALW)) phase contribute to
the improved high-temperature creep strength of Co-based super-
alloys.

2. Experiment procedures

Ingots with nominal compositions of (CoggNigq)-12 at.%Al-11
at.Bxw, (COo.sNio.z)-‘lz at.%Al-11 at.%W and (COo.gNio.z)-lz at.%Al-
9 at%¥W-2 at%Ta were prepared by arc-melting using high-purity
feed stock of the elements Co, Al, W, Ni and Ta under an Ar at-
mosphere. These alloys are referred to as 10Ni, 20Ni and 20Ni-
2Ta alloys throughout this paper. These compositions were cho-
sen for the following reasons. The high Ni-solubility allows to in-
crease the y’ solvus temperature of y [y’ two-phase Co-based al-
loys by sufficient amounts of Ni additions [11,25,30], even though
small amounts of Ni are not very effective. On the other hand,
the increase in the y’ solvus temperature of y/y’ two-phase Co-
based alloys by small additions of Ta or Ti addition is significant
but the Ta and Ti solubilities are limited in general to a few at%
[11,28,29,31]. Ingots were sealed in a quartz ampoule with Ar gas
and annealed at 850 °C for 168 h followed by air cooling. All
the three alloys exhibit columnar grains elongated in the thick-
ness direction of the button ingots (i.e., in the heat-removal di-
rection during solidification in arc-melting) with typical dimen-
sions of 200~400 um in diameter and 500~1000 pum in length.
Microstructures and chemical compositions of the phases present
in the annealed ingots were examined by a JEOL 7100F scanning
electron microscope (SEM) equipped with a JEOL energy-dispersive
X-ray spectrometer (EDS). ¢’ solvus temperatures were measured
by differential scanning calorimetry (DSC) at a heating rate of
10 °C/min under an Ar gas flow.

Specimens with dimensions of 1.8 x 1.8 x 5 mm3 were cut
from the annealed ingots by electro-discharge machining. The
compression axis was set parallel to the thickness direction of the
button ingots. Their surfaces were mechanically polished first with
SiC paper and then electrolytically in a solution of perchloric acid,
butanol and methanol (1:6:12 by volume) at - 40 °C and 18 V.
Compression tests were conducted on an Instron-type testing ma-
chine from room temperature to 1000 °C in vacuum (<103 Pa)
at a strain rate of 1 x 10~% s — 1, Deformation markings on the
specimen surface were examined by optical microscopy to deter-
mine the operative slip systems through trace analysis on two
orthogonal side faces with additional crystallographic information
obtained by electron backscattered diffraction (EBSD) in the SEM.
Dislocation structures were examined using a JEM-2000FX trans-
mission electron microscope (TEM) operated at 200 kV with thin
foils cut parallel to the {111} macroscopic slip planes from coarse
grains. Thin foils for TEM observations were obtained with the
above-described solution at - 30 °C and 18 V.
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Fig. 1. Typical SEM BSE images of microstructures of (a) 10Ni, (b)20Ni and (c) 20Ni-
2Ta alloys after annealing at 850 °C for 168 h. Some minor phases identified are
indicated in each of the figures.

3. Results
3.1. Microstructures

Fig. 1(a)-(c) show typical SEM backscattered electron (BSE) im-
ages of microstructures of the 10Ni, 20Ni and 20Ni-2Ta alloys, re-
spectively. Although a small amount of additional phases such as
CoAl and CozWare observed (never exceeding 8% by volume), the
major phase is y’ (L1,-Co3(ALW)) for all three alloys. The total vol-
ume fraction of additional phases is particularly small for the 20Ni
alloy; the volume fractions of the CoAl and CosW phases in aver-
age are 6.2 and 0.2% for the 10Ni alloy, 2.2 and 0% for the 20Ni
alloy and 7.4 and 0.5% for the 20Ni2Ta alloy, respectively. Chemical
compositions of the y’ phase in the three alloys measured by EDS
are listed in Table 1. Compositions of the y’ phase are close to the
alloy nominal compositions as listed in Table 1.



Z. Chen, K. Kishida, H. Inui et al.

Table 1

Compositions of the y’ phase in the three alloys investigated.
at.% Co Al w Ni Ta
10Ni 70.8 9.4 11.7 8.1 -
20Ni 63.4 9.4 11.7 15.5 -
20Ni-2Ta 62.6 9.9 10.2 15.5 1.8

3.2. y’ solvus temperature

Fig. 2(b)-(d) show DSC curves of the 10Ni, 20Ni and 20Ni-2Ta
alloys respectively. The DSC curve of the ternary L1,-Co3(AlLW)
base compound (Co-12 at%Al-11 at.%W) [25] is presented in
Fig. 2(a) for comparison. The y’ solvus temperature is defined as
the endothermic peak temperature as indicated by arrows in Fig. 2,
and these are determined to be 1084, 1094 and 1113 °C for the
10Ni, 20Ni and 20Ni-2Ta alloys, respectively. All three alloys have
higher y’ solvus temperatures as compared of the ternary L1,-
Co3(ALW) compound (1061 °C) [25]. The increase of the y’ solvus
temperature scales with the amount of the Ni and Ta additions.
This is consistent with previous reports [27,29-31] on the benefi-
cial effects of Ni and Ta on y’ solvus temperatures. A similar trend
is observed also for the temperature above which the FCC phase
starts to precipitate in the y’phase, as indicated by double-arrows
in Fig. 2 (the starting temperature for the endothermic reaction).
That temperature is called ‘y’ dissolving temperature’ hereafter
throughout this paper, as the temperature is very important when
discussing the high temperature strength. These y’ dissolving tem-
peratures were determined to be 983, 1020 and 1040 °C for the
10Ni, 20Ni and 20Ni-2Ta alloys, respectively. The extent of the in-
crease in the y’ solvus temperature depends, however, on chemical
compositions of the base compounds to which alloying additions
are made. For example, while the increase in the y’ solvus tem-
perature is 23 °C when 10 at.%Ni is added to the ternary L1, base
compound (Co-12 at%Al-11 at.%W), it is only 10 °C when another
10 at.%Ni is added. Moreover, while the increase in the y’ solvus
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Fig. 2. DSC curves of (a) the ternary L1,-Cos3(ALW) compound (Co-12 at%Al-11
at.%W), (b) 10Ni, (c) 20Ni and (d) 20Ni-2Ta alloys respectively. The y’ solvus tem-
perature is defined as the endothermic peak temperature (indicated by arrows),
while the y’ dissolving temperature is defined as the staring temperature of the
endothermic reaction (indicated by double-arrows).
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Fig. 3. Selected strain-stress curves of (a) 10Ni, (b) 20Ni and (c) 20Ni-2Ta alloys
obtained in compression at temperatures indicated. Yield stress is defined as 0.2%
offset stress as marked by arrows.

temperature upon adding 2 at% Ta is reported to be more than
100 °C for the ternary L1, base compound [27], it is only 19 °C
when Ta is added to the base alloy with 20 at.%Ni.

3.3. Compression deformation

3.3.1. Strain-stress behavior and temperature dependence of yield
stress

Fig. 3(a)-(c) show strain-stress curves of the 10Ni, 20Ni and
20Ni-2Ta alloys at some selected temperatures, respectively. The
elastic to plastic transition occurs smoothly in general for all these
alloys, and therefore a yield stress is defined using the classical
0.2% offset stress criterion (positions marked by arrows in Fig. 3).
These yield stresses are plotted in Fig. 4 as a function of temper-
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Fig. 4. Temperature dependence of yield stress for the ternary L1,-Cos(ALW) com-
pound (Co-12 at%Al-11 at.%W) and the 10Ni, 20Ni and 20Ni-2Ta alloys. Allows
pointing upward and downward indicate the boundary between the low and inter-
mediated temperature regimes and that between the intermediated and high tem-
perature regimes, respectively. The former corresponds to the onset temperature of
yield stress anomaly.

ature for all three alloys, together with those for the ternary base
L1, compound (Co-12 at%Al-11 at.%W) [25]. The data points plotted
in Fig. 4 were all obtained from individual specimens, and a small
experimental scatter is apparent. All three alloys show the same
general trend. At low temperatures yield stresses stay almost con-
stant and decreases only little with increasing temperature. Then,
there is an increase towards a stress maximum in the interme-
diate temperature regime which is followed by a sharp decrease
in the high temperature regime. Arrows pointing up and down
in Fig. 4 indicate the transitions between the low and intermedi-
ate (upward arrows) and the intermediate and high temperature
regimes (downward arrows). The yield stress anomaly apparent in
Fig. 4 is in the focus of the present paper. The elementary pro-
cesses which are responsible for this anomaly will be studied us-
ing transmission electron microscopy (TEM), as will be described
in the forthcoming sections. We keep in mind that Fig. 4 shows
that the YSA-onset (650450, 500450 and 400450 °C, respectively)
for the 10Ni, 20Ni and 20Ni-2Ta alloys are 150, 300 and 400 °C
lower than what was observed for the ternary L1, base compound
(800+£50 °C). Throughout the present paper, the onset of the yield
stress anomaly will be referred to as YSA-onset. The extent of this
decrease in onset temperatures of the yield stress anomaly is di-
rectly related to the increase in the thermodynamic stability of the
y’ phase, i.e., the increase in the y’ solvus temperature.

The boundary between the intermediate and high temperature
regimes is defined as the peak temperature in Fig. 4, and the peak
temperature is also observed to increase by 100-150 °C upon alloy-
ing with Ni and Ta. The increase in the peak temperature, however,
is the largest for the 10 Ni alloy, and its extent is not consistent
with the increase in the y’ dissolving temperature for the three
alloys. This will receive attention in the next section, to clarify this
phenomenon is another scientific objective of the present paper.
As compared to the ternary L1, base compound, the three alloys
10Ni, 20Ni and 20Ni-2Ta show a lower YSA-onset and increased
peak temperatures. They show a larger intermediate temperature
regime of yield stress anomaly, and thereby improving the inter-
mediate and high temperature strength quite drastically.

3.3.2. Deformation markings
Fig. 5 shows deformation markings observed on a side surface
of the 10Ni, 20Ni and 20Ni-2Ta specimens deformed at tempera-

Acta Materialia 238 (2022) 118224

tures indicated next to each micrograph. The trace analysis results
for the activated slip planes are also indicated in each figure, to-
gether with stereographic projections of crystal orientations of all
grains analysed. For all three alloys, {111} planes are the only the
activated slip planes below the peak temperature, independent of
the crystal orientation (Fig. 5(a),(d),(g)). {111} type of planes are
found to be the only the activated slip planes also for the tempera-
ture regime above the peak temperature (Fig. 5(b),(c),(e),(f),(h),(i)),
unlike in many other L1, intermetallic compounds such as NisAl,
in which {010} cube slip is usually found to be activated except
for some limited orientations close to [001]. It is important to note
that the dominant activation of {111} slip planes is observed be-
low (Fig. 5(b),(e),(h)) and above (Fig. 5(c),(f),(i)) the y’ dissolving
temperature for all three alloys. This indicates that although the
yield stress maximum is considered to correspond to the y’ dis-
solving temperature for the ternary L1, base compound [25], the
activation of the {111} slip planes above the peak temperature is
not related to the appearance of the disordered FCC phase but is
an inherent property of the L1,-Co3(ALW) compounds. This will
be discussed in detail later in Section 4.3.

3.3.3. Dislocation structures

Fig. 6 shows TEM dislocation structures observed in the
10Ni, 20Ni and 20Ni-2Ta alloys deformed at temperatures below
(Fig. 6(a), (c), (e)) and above (Fig. 6(b), (d), (f)) the YSA-onset, as
the deformation temperature is indicated in each of the figures.
All thin foils were cut parallel to the (111) macroscopic slip plane,
and the YSA-onset were judged by the extent of alignment of dis-
locations parallel to their screw orientations (by bright-field (BF)
image as shown in Fig. 6) and the occurrence of cube cross-slip
of screw dislocations (by weak-beam dark-field WBDF imaging as
shown in Figs. 7 and 8), both of which are well-known charac-
teristics for dislocation structures in the anomalous temperature
regime in many L1, compounds [36,37,42,43], including Cos(ALW)
[25]. Most dislocations imaged in Fig. 6 are those with b (Burgers
vector)=[101] gliding on (111) for all the three alloys. While these
dislocations are in general curved smoothly without preferred ori-
entations on their slip plane at low temperature (i.e., below the
YSA-onset) (Fig. 6(a), (c), (e)), the extent of alignment of dislo-
cations along their screw orientation becomes significant in the
BF-TEM images in the anomalous temperature regime where the
yield stress increases anomalously with temperature (Fig. 6(b), (d),
(f)). The YSA-onset thus determined by TEM observations coincides
with those determined from the yield stress-temperature curves of
Fig. 4.

Low-magnification TEM images of dislocations with b=[101]
gliding on (111) observed in the 10Ni, 20 Ni and 20Ni2Ta al-
loys deformed respectively at 750, 600 and 600 °C in the anoma-
lous temperature regime are shown in Fig. 7(a), (d) and (g). For
all three alloys, the dislocations are observed to dissociate into
two superpartial dislocations with b = 1/2[101] separated by an
anti-phase boundary (APB) with a general tendency to align along
the screw orientation, and these screw segments are observed to
be connected with each other by a superkink that contains edge
components. Tilting analysis made for a different dislocation with
b=[101] in the same foil of the 10Ni alloy indicates that the APB
limited by the two coupled superpartials with b = 1/2[101] lies
mostly on the (010) cube cross-slip plane as opposed to the (111)
glide plane. The separation distance for the coupled superpartials
is observed to be the widest along the [010] zone-axis (Fig. 8). Es-
sentially, the same dislocation configurations are observed in the
20Ni and 20Ni2Ta alloy (Fig. 7(d) and (g)). This clearly indicates
that thermally-activated cube cross-slip of 1/2[101] superpartial
dislocations is responsible for YSA for Co3(ALW) compounds as in
many other L1, compounds [36,37,44-46]. For all the 10 Ni, 20
Ni and 20Ni2Ta alloys, two-fold dissociation of the [101] disloca-
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Fig. 5. Deformation markings observed on a side surface of (a)-(c) 10Ni, (d)-(f) 20Ni and (g)-(i) 20Ni-2Ta alloys deformed at temperatures indicated in each of the figures.
The results of trace analysis for the activated slip plane are also indicated in each of the figures, together with stereographic projections of crystal orientations of grains
analysed. The crystal orientation of the grain of the figure are marked with a circle in the stereographic projection.

Table 2

The APB energies on (111) and (010), APB energy anisotropy parameter (1), activation enthalpy (H) for thermally-activated
cross slip of super-partial dislocations from (111) to (010), CSF energy and base strength of ternary base, 10Ni, 20Ni and

20Ni2Ta alloys.

Yaepam) (MJ/M?) ¥ apgoro) (MJ/m?) A Yese (mJ/m?)  H (kJ/mol)  Base strength (MPa)
Ternary [25] 153 139 0.91 137 135 240
10Ni 160 145 0.90 163 117 260
20Ni 169 156 0.89 183 104 235
20Ni2Ta 246 194 0.79 199 91 290

tion is also observed along superkinks without any evidence of
further sub-dissociation of each of the coupled 1/2[101] superpar-
tials into two Shockley partials with b = 1/6<112>, as shown in
the enlargement of the framed areas in Fig. 7(b), (e) and (h). This
differs from what is observed in the ternary Cos(AlLW) base com-
pound, in which four-fold dissociation involving these four super-
Shockley partials is clearly observed along superkinks [25], indicat-
ing that the energy of a CSF bounded by two super-Shockley par-
tials with b = 1/6<112> is fairly increased by additions of Ni and
Ta to Co3(ALW).

The APB energies on (111) (¥app(111)) for the three alloys were
estimated by measuring the dissociation widths along the su-
perkink with edge components as a function of the angle 6 be-
tween the Burgers vector and line vector (Fig. 9(a)-(c)), while
those on (010) (¥app(o10)) Were estimated by measuring the dis-
sociation width along the screw dislocation (7.1, 6.6 and 5.3 nm
respectively for the 10 Ni, 20 Ni and 20Ni2Ta alloys). The latter is
based on the assumption that the Kear-Wilsdorf lock formed along
the screw orientation is of the complete type, in which the APB
bounded by two super-partial dislocations with b = 1/2[101] lies
exclusively on (010). Indeed, the ratio of the dissociation width
projected along [010] to that projected along [111] was close to the
1.74, expected for the complete Kear-Wilsdorf lock for all three al-
loys (Figs. 7 and 8). In the calculation of APB energies on (111) and
(010), we used the shear modulus (101 GPa) for the ternary base
Co3(ALW) compound [15], as we have not measured elastic con-
stants for any of 10 Ni, 20 Ni and 20Ni2Ta alloys. The results of
calculations are tabulated in Table 2. As we expected, the APB en-

ergy on (111) increases by alloying with Ni and Ta in the order of
10 Ni < 20 Ni < 20Ni2Ta. This is also the case for the APB energy
on (010). This is exactly what we expect: The increased APB energy
upon alloying with Ni and Ta is coupled to the stabilizing effect of
these elements on the y’ phase.

4. Discussion

In our previous study on polycrystals of ternary Cos3(ALW) with
the L1, structure (Co-12 at%Al-11 at.%W) [25], we have shown that
the intermediate-temperature strength of this ternary L1, base
compound is low as the YSA-onset is as high as 700 °C and that
the high-temperature strength is also low with the low peak stress
temperature as the y’ phase is easily destabilized due to the low
y' solvus temperature (~1060 °C). Thermally-activated cross slip
of 1/2[101] superpartial dislocations from (111) to (010) planes is
identified to be responsible for YSA in ternary Cos(ALW) as in
many other L1, compounds such as NizAl, but the low CSF energy
is supposed to lead to the high YSA-onset in ternary Cos(AlLW)
[25]. In the present study, however, both the intermediate- and
high-temperature strengths of the L1,-Co3(ALW) compound are
significantly increased by alloying with Ni and Ta, both of which
are known as the y’-phase stabilizer, through increasing the YSA-
onset and the peak stress temperature, respectively (Fig. 4). We be-
lieve that both the increased intermediate- and high-temperature
strengths of L1,-Co3(ALW) contribute to the improved creep
strength of Co-based alloys upon alloying with these y’-phase sta-
bilizing elements [7,9,11,14,27,41]. We thus discuss in the follow-
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Fig. 6. TEM dislocation structures observed in (a),(b) 10Ni, (c),(d) 20Ni and (e),(f) 20Ni-2Ta alloys deformed at temperatures below ((a), (c), (e)) and above ((b), (d), (f)) the
onset temperature for yield stress anomaly. All thin foils were cut parallel to the (111) macroscopic slip plane.

ing the possible reasons for the improved intermediate- and high-
temperature strengths of the L1, compound itself.

4.1. Improved intermediate-temperature strength; reduced YSA-onset

As seen in Fig. 4, the increased intermediate-temperature
strength of L1,-Co3(AlLW) is due to the decreased YSA-onset upon
alloying with Ni and Ta. The YSA-onset decreases more signifi-
cantly as the amount of additions for these y’-phase stabilizing el-
ements (Ni and Ta) increases. In many L1, compounds, yield stress
anomaly is known to occur by thermally-activated cross slip of su-
perpartial dislocations with b = 1/2[101] from (111) to (010), and
this is confirmed also for the ternary L1,-Cos3(ALW) base com-
pound [25] and for Ni- and Ta-added L1,-Cos3(ALW) compounds
in the present study. Cross slip of the superpartial dislocation with
b = 1/2[101] in L1, compounds can be considered similarly to that
of the perfect dislocation with b = 1/2[101] in fcc metals. This is
due to the fact that the L1, structure is a superlattice structure
based on the fcc structure, although the planar fault bounded by
two super-Shockley partial dislocations with b = 1/6<112> in the
L1, structure is not a simple stacking fault as in the fcc structure
but is CSF that accompanies not only with a fault in stacking of

{111} atomic planes but also with a fault in atomic bonding be-
tween like and unlike atoms. The energy to form a constriction
(W¢: constriction energy) is needed for the perfect dislocation to
cross slip in fcc metals, as formulated by Stroh [47,48].

wb?d[ (d\]°
wFT[m(E)] , (1)

where d is the separation distance of Shockley partial dislocations
along the screw orientation and b is the magnitude of the Burgers
vector of the perfect dislocation with b = 1/2[101]. The separation
distance of partial dislocations (d) along the screw orientation can
be calculated as a function of the stacking fault energy (ysf) (the
CSF energy (ycs) in the case of the L1, structure) in the isotropic
elasticity approximation with the following equation.

_ pby 2-3v
8wy 1-v

(2)

where p is shear modulus, v is Poisson’s ratio and b, is the magni-
tude of the Burgers vector of the Shockley partial dislocation. The
frequency (q) for thermally-activated cross slip of the perfect dis-
location is then described with the usual Arrhenius-type equation,
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Fig. 7. Low-magnification TEM images of dislocations with b=[101] gliding on (111) observed in (a) 10Ni, (d) 20 Ni and (g) 20Ni2Ta alloys deformed respectively at 750, 600
and 600 °C in the anomalous temperature regime. The enlargements of the framed areas in (a), (d) and (g) are shown in (b) and (c), (e) and (f), and (h) and (i), respectively.

as follows.
We
q = qoexp [—ﬁ] 3)

where qq is the pre-exponential factor of the order of 103 s — 1, k
is the Boltzmann constant and T is absolute temperature. Fig. 10(a)
shows the temperature-dependent frequency for cross-slip in L1,-
Co3(ALW) calculated as a function of CSF energy with the re-
ported values of shear modulus (=101 GPa) and Poissson’ ration
(v=0.289) for the ternary L1, base compound [15]. The onset tem-
perature for cross slip tends to increase quite significantly with the
decrease in the CSF energy due to the increased constriction en-
ergy when the CSF energy changes from 200 to 140 mJ/m?.
Paidar, Pope and Vitek (PPV) [49] deduced the activation en-
thalpy (H) for thermally-activated cross slip of superpartial dis-
locations with b = 1/2[101] from (111) to (010) to give rise to
yield stress anomaly in L1, compounds, incorporating the energy
of two constrictions formed on the superpartials, the self-energy
of the double kink, the energy gain of the dislocation due to the

anisotropy of APB energy, the energy of cross-slip derived by the
stress component on the cross-slip plane and the interaction en-
ergy between two kinks. Later, Yoo [50] pointed out that cube
cross slip is promoted also by torque force acting on the coupled
superpartials with b = 1/2[101] arising from the elastic anisotropy
(that is usually expressed as A = 2C44/(C11-Cq3) with single-crystal
elastic stiffness constants Cj). Hirsh [48] subsequently re-wrote the
activation enthalpy in a way slightly different from the formulation
by PPV [49], incorporating the torque force effect in the term for
the energy of cross-slip derived by the stress component on the
cross-slip plane and assuming a double jog mechanism for cube
cross-slip as follows.

ub? 2w ub*w
prree [m (E) —a- v)] + 2R 2w,
(4)

The first term is the energy of constrictions as calculated by
(1), the second term is the self-energy of the two jogs of height w

H=2W,+
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Fig. 8. Tilting analysis of a dislocation with b=[101] gliding on (111) observed in the 10Ni alloy deformed at 750 °C. The zone-axis orientations (B) used imaging are indicated

in each of the figures.

(usually taken as b/2), the third is the core energy estimate, and
the forth term is the combined expression for the work done by
the effective stress on (010) and the interaction energy between
the two jogs. Fic is the force on the leading partial on the (010)
plane as expressed with

Exc = EYapgann) + To10)b — Varso10) (5)
with
E_ Acos@sing

" sing[(A — 1)cos2¢ + 1]

(6)

where T(g1qis the resolved shear stress on (010). E is calculated
to be 1.061 with ¢(angle between (111) and (010))=54°44’ and
A = 3.26 for the ternary base alloy [15]. We used the same value
for the elastic anisotropy parameter (A = 3.26) for all three alloys

containing Ni and Ta, as we have not measured elastic constants
for any of the three alloys. As the resolved shear stress on (111)
(Tairy) and 7(gqoy is approxomated as g1y ~ 0.87(117) for orienta-
tions near the center of the streographic triangle, the Eq. (5) can
be written as,

Fyc = 1.061 YAPB(111) — YAPB(010) + 0-875(111)17 = )/APB(m)(]-O61 -A)
+0.8‘C(]11>b (7)

where A is the APB energy anisotropy factor defined as A =
yAPB(OlO)/yAPB(“l)' IC in (4) is the critical length of double _]Og das
expressed with

Lo 1w 8)
72\ mFyc
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alloys deformed respectively at 750, 600 and 600 °C in the anomalous temperature
regime.
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Fig. 10. (a) Temperature-dependent frequency for cross-slip in L1,-Cos(ALW) cal-
culated as a function of CSF energy. (b) Temperature dependence of the normal-
ized resolved shear stress on (111) (T(111)b/¥app1)) in L12-Cos(ALW) calculated as a
function of CSF energy with two different A values (0.7 and 0.9) for the APB energy
anisotropy. (c) Temperature dependence of resolved shear stress on (111) (t(11y) in
L1,-Cos(ALW) calculated as a function of CSF energy and the APB energy on (111)
with a fixed APB energy anisotropy (1=0.9).

Then, the activation enthalpy (H) for thermally-activated cross
slip of super-partial dislocations from (111) to (010) can be calcu-
lated with the use of the Egs. (1), (7), (8) and appropriate numer-
ical values. The elastic energy (second) term becomes negative for
w/b < 2 and is taken to be zero as in [48]. The ‘work’ (fourth) term
is found to be insensitive to 7y, as it is calculated to be 11.0,



Z. Chen, K. Kishida, H. Inui et al.

Acta Materialia 238 (2022) 118224

600
e 20Ni2Ta
= 20Ni
E00 I s+ 10N
*  Co-12Al-11W
& 400 |-
= o
~ ° _-6
H . P e
@300F % - .
b= - R oo /
%) T I, .
= -
© 200 |
=
100
0 L 1 L 1 L 1 " 1 L 1 1 " 1 L 1 L 1 L 1 " 1 L
0 100 200 300 400 500 600 700 800 900 1000 1100 1200

Temperature (K)

Fig. 11. Comparison of the calculated temperature dependence of yield stress with experimental results for the ternary base and 10Ni, 20Ni and 20Ni2Ta alloys.

12.1 and 13.0 kJ/mol respectively for t(111,=40, 125 and 200 MPa
for yapp(111)=200 mJ/m? and A = 0.8. We thus use a fixed value of
T(111)=40 MPa for the activation energy calculation. Then, the re-
solved shear stress on (111) plane (7(111)) can be expressed with H
in (4) as [49],

—H

exp (W)

where C is a constant (suggested to be close to unity [49]). We
calculate the temperature dependence of the normalized resolved
shear stress on (111) ((111)b/¥app(111y) In Fig. 10(b) to see how the
CSF energy and APB energy anisotropy affect the onset temper-
ature and temperature variation of yield stress anomaly in L1,-
Co3(ALW) with the use of C = 1. Fig. 10(b) clearly indicates that
the YSA-onset decreases as the CSF energy increases so as to in-
crease the intermediate-temperature strength rather significantly
but that the magnitude of yield stress anomaly does not much de-
pend on the APB energy anisotropy (in the range of A= 0.7~0.9)
for a given CSF energy when the stress is expressed with the nor-
malized resolved shear stress on (111) (7(111)b/¥apg(111))- The signif-
icance of the APB energy on (111) in determining the temperature-
dependent strength becomes evident, however, when the resolved
shear stress on (111) (7(331y) is plotted as in Fig. 10(c) instead of the
normalized resolved shear stress on (111) (7(111)b/Vapp111)) as in
Fig. 10(b). As the APB energy on (111) increases, the extent of yield
stress anomaly (i.e., the increase in the resolved shear stress on
(111) with temperature) becomes more significant. On top of that,
the base strength (the strength before yield stress anomaly starts
to occur) tends to increase with the increase in the APB energy on
(111) and the CSF energy, as will be discussed later in detail.

The temperature-dependent yield stresses for the 10Ni, 20 Ni
and 20Ni2Ta alloys as well as for the ternary base alloy are calcu-
lated in Fig. 11 as the sum of the base strength (the strength before
yield stress anomaly starts to occur) and the stress calculated with
the Eq. (5) multiplied by a factor of 6 (but not by the Taylor fac-
tor of 3.06) referring to our previous study [24,25] with the use of
the APB energy on (111), APB energy anisotropy (A) and the CSF
energy tabulated in Table 2. The factor of 6 was found when con-
verting the CRSS value obtained from micropillar compression tests
[24] into the bulk polycrystalline yield stress in the ternary com-

Tamb _ (6)

YaprB(111) B

10

pound [25], most probably accounting for the grain size effects.
As the specimen preparation method is exactly the same for the
ternary base alloy and other three alloys containing Ni and Ta, the
grain sizes for all the alloys are indeed very similar. While the APB
energy on (111) and APB energy anisotropy (1) used are those ex-
perimentally determined in the present study, the CSF energy that
is important to determine the YSA-onset is used as a fitting param-
eter. As seen in Fig. 11, the temperature-dependent yield stresses
for the 10Ni, 20 Ni and 20Ni2Ta alloys as well as for the ternary
base alloy are reproduced very well.

4.2. Improved intermediate-temperature strength; increased L1,
phase stability

The CSF energies could not be experimentally determined for
the 10Ni, 20 Ni and 20Ni2Ta alloys, as the corresponding dissocia-
tion widths were below the resolution limit for WBDF-TEM imag-
ing. However, these values could be estimated as a fitting parame-
ter in the calculation of the temperature-dependent yield stresses
of Fig. 11. The deduced CSF energies are plotted in Fig. 12(a) as a
function of the APB energy on (111) for the ternary base alloy and
the 10Ni, 20 Ni and 20Ni2Ta alloys. Obviously, there is a clear cor-
relation between the two; the CSF energy tends to increase with
the increase in the APB energy on (111). This is a natural conse-
quence for the increased L1, phase stability, as can be easily un-
derstood from the expression of the APB energy on (111) and CSF
energy of the L1, compound of the A;B-type with pair-wise inter-
actions considering only the first- and second-nearest neighbours
as described,

Yarsany = VD —6V @) /302 -

Yese = Yapscn) + 4{@aa (1) + dap(r')}/v/3d? (8)

where a is the lattice parameter and V(¥ are the k th neighbor
ordering energies given as

VO = (g + bp — 204 }/2 (9)

and ¢l.(j")are the pairwise interaction energies between k th neigh-
bor atoms i and j, and ¢;;(r")is the interaction energy between
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Fig. 12. The relationship (a) between the APB energy on (111) and CSF energy and (b) between the base strength and the CSF energy in the ternary base and 10Ni, 20Ni and

20Ni2Ta alloys.

i and j atoms at the separation r’ = (2/+/3)a. Both the APB en-
ergy on (111) and the CSF energy of the L1, compound increase
with the increase in the ordering energy, i.e., the phase stabil-
ity. Of interest to note is that the increase in the APB energy on
(111) as well as that in the CSF energy tend to increase both the
yield strength at a given temperature (below the peak tempera-
ture) and the base strength (that can be defined as the stress be-
fore yield stress anomaly occurs) as shown in Fig. 12(b), in which
the base strength is plotted as a function of the CSF energy for the
ternary base alloy and the 10Ni, 20 Ni and 20Ni2Ta alloys. The base
strength of the 20 Ni alloy is exceptionally low. This may be related
to microstructure characteristics of the 20 Ni alloy that the volume
fraction of the incorporated second and third phases is particularly

1

low (Fig. 1(b)). Indeed, the YSA-onset is low and the extent of yield
stress anomaly is high for this alloy (Fig. 4). The increased yield
strength at a given temperature with the CSF energy was discussed
by Hemker and Mills [51] and subsequently by Caillard and Martin
[52] in terms of the increased dislocation exhaustion rate that is
promoted with the increase in the CSF energy through frequently
occurring cross-slip, leading to higher stress needed to keep a con-
stant strain rate.

The increased L1, phase stability is thus considered to in-
crease the intermediate-temperature strength of L1,-Co(ALW) by
decreasing the YSA-onset with the increased CSF energy, and by
increasing the base strength and the extent of yield stress anomaly
(at a given temperature) with the increased APB energy on (111).
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4.3. Improved high-temperature strength

In our previous study, the peak temperature is considered to
correspond to the y’ dissolving temperature for the ternary L1,
base compound [25]. In the present study, however, the y’ dis-
solving temperature for the L1, compound is increased consider-
ably as the phase stability of the L1, phase is increased by alloy-
ing with Ni and Ta, both of which are known as a y’-stabilizing
element. As a result, the peak temperatures for these Ni and Ta
added alloys are observed well below the y’ dissolving tempera-
tures, indicating that the peak temperature is not defined by the
y’ dissolving temperature. Of interest to note is that {111} slip per-
sists in these Ni and Ta added alloys even above the peak tem-
peratures where the L1, phase is stable. This is quite different
from what is usually observed for NizAl-based L1, compounds, in
which {010} slip is observed above the peak temperature except
for a narrow orientation range close to <001> [36,37,53]. However,
the persistence of {111} slip above the peak temperature is simi-
larly observed for CosTi-based L1, compounds [54-56]. The YSA-
onset is known to be far below room temperature for most NizAl-
based compounds [36,37,57] while it is reported to be as high as
400 °C for CosTi-based L1, compounds [54-5G]. As the CSF en-
ergy is considered to determine the YSA-onset as we discussed in
the previous sections, these two different types of L1, compounds,
Ni3Al- or CosTi-based compounds, are supposed to have quite dif-
ferent CSF energies. Although there is no experimental report in
the past, CosTi-based L1, compounds are considered to have a rel-
atively low CSF energy as Cos(AlL,W)-based L1, compounds when
judged from their high YSA-onset [54-56]. The relatively low CSF
energy indicates that each of two super-Shockley partial disloca-
tions (with b = 1/6<112>) separated by a CSF possesses a core
structure spreading in a planar manner on the (111) glide plane
as the Shockley partial dislocation in the fcc structure does, mak-
ing slip on (010) in a substantially long distance difficult even at
high temperatures and leading to the persistent {111} slip above
the peak temperature. A study on the dislocation core structure to
elucidate this has yet to be done. If this is the case, however, the
strength decrease above the peak temperature might result from
viscous flow. Then, any alloying elements that reduce the over-
all atomic diffusivity of the L1, compound must be effective for
further improving the high-temperature strength by increasing the
peak temperature.

5. Conclusions

The effects of Ni and Ta additions on the mechanical properties
of the L1, compound Co3(ALW) have been investigated by com-
pression testing between room temperature and 1000 °C. The re-
sults obtained are summarized as follows:

(1) Additions of Ni and Ta result in an increase of both the L1,
solvus temperature and the yield strength at intermediate
and high temperatures. The strength increase scales with the
amount of additions of these elements and thus with an in-
creasing stability of the L1, phase.

(2) The increased L1, phase stability is considered to increase
the intermediate-temperature strength of L1,-Co(ALW) by
decreasing the YSA-onset with the increased CSF energy and
by increasing the base strength and the extent of yield stress
anomaly (at a given temperature) with the increased APB
energy on (111).

(3) The increased L1, phase stability is considered also to in-
crease the high-temperature strength of L1,-Co(Al,W) by in-
creasing the peak temperature with the increased y’- dis-
solving temperature so that the peak temperature is not de-
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fined by the y’ dissolving temperature unlike in the ternary
base compound.

(4) The increased strength of the L1, strengthening phase due
to the increased phase stability thus accounts for the im-
proved creep strength of Co-based superalloys upon alloying
with these L1,-stabilizers.
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