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Deformation Mechanisms in Compositionally
Complex Polycrystalline CoNi-Base Superalloys:
Influence of Temperature, Strain-Rate and Chemistry
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and S. NEUMEIER

Recent studies revealed the excellent high temperature properties of polycrystalline CoNi-base
superalloys. However, their underlying deformation behavior has been reported only scarcely so
far. In this work, the deformation mechanisms of four polycrystalline compositionally complex
CoNi-base superalloys with slightly varying chemical compositions were investigated by
compression and creep experiments at temperatures between 750 �C and 850 �C and
strain-rates between 10–3 and 10–8 s�1. In the two (Ta + Ti)-rich alloys, a transition of the
deformation mechanism from shearing by APB-coupled dislocation pairs to stacking fault
shearing and finally also to microtwinning is observed with decreasing strain-rate and increasing
temperature. In contrast, APB-based shearing mechanisms represent the dominant mechanism
in both (Al + W)-rich alloys in all conditions. At high temperatures and low strain-rates,
dislocation glide-climb processes also contribute to plastic deformation in all alloys. By
correlating the underlying defect structures with the mechanical properties of these alloys, it
becomes evident that a transition to stacking fault shearing and microtwinning leads to a lower
strain-rate dependency and superior high-temperature strength in comparison with APB-based
mechanisms. Reasons for the different deformation mechanisms, the influence of segregation
processes, the consequences for mechanical properties and implications for a mechanism-based
alloy design are discussed.
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I. INTRODUCTION

SINCE the discovery of the metastable c¢-Co3(Al,W)
phase in the Co–Al–W system,[1] research groups
around the world investigated the influence of alloying
elements on the thermophysical and mechanical prop-
erties and the resistance to oxidation in these alloys.[1–8]

Based on these studies, numerous advanced Co-base
and CoNi-base superalloys have been developed.[9–12]

While some single-crystalline alloys have already shown

similar high-temperature creep strength as 1st genera-
tion Ni-base superalloys,[10,13–15] it is doubtful, whether
this class of material will be able to outperform more
advanced single-crystalline Ni-base superalloys due to a
missing Re effect[12,16] and a lower resistance to precip-
itate shearing at high temperatures.[17–19] On the other
hand, polycrystalline CoNi-base superalloys exhibit a
promising property profile consisting of excellent creep
strength, good oxidation resistance and a sufficiently
large processing window for hot working.[9,11,20–22]

To understand the deformation behavior of these
novel alloys, numerous studies have been conducted on
the underlying defect structure of ternary, quaternary
and compositionally more complex Co-base and CoN-
i-base superalloys. These studies revealed that the
L12-ordered c¢ precipitates, which are coherently embed-
ded in an fcc c matrix, are sheared by anti-phase
boundary (APB)-coupled dislocation pairs or bypassed
via Orowan looping at lower temperatures.[2,3,23,24] In
contrast to these athermal mechanisms, segregation of
alloying elements to dislocations and planar defects
plays an important role during high-temperature plastic
deformation.[25–33] Depending on the temperature, the
stress and the alloy composition, a large variety of
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different segregation-assisted mechanisms have been
observed in this alloy system: shearing under the
formation of extended APBs, superlattice intrinsic/ex-
trinsic stacking faults (SISFs/SESFs) or APB-SISF-APB
configurations and microtwinning.[17,19,25,34–36]

Even though shearing by APB-coupled dislocation
pairs can occur in a completely athermal manner,
segregation can also assist this mechanism at higher
temperatures.[37,38]

The segregation of alloying elements to these planar
defects leads to a reduction of the planar fault energy
and thus the resistance against precipitate shearing,
which facilitates the propagation of the shearing dislo-
cations associated with these mechanisms.[26,29,37] Barba
et al. developed a model to calculate the propagation
velocity of various planar defects and concluded that the
propagation velocity increases from APBs to SISFs to
SESFs and microtwins in the Ni-base superalloy
MD2.[29,37] Depending on the c¢ composition, different
elements segregate in different magnitudes to the planar
defects.[25,26,32,36–39] While the transition to segrega-
tion-assisted stacking fault shearing is usually associated
with softening, it can also lead to strengthening effects.
Smith et al. and Egan et al. observed that the segrega-
tion of alloying elements in specific alloy compositions
can induce a local phase transformation along the
stacking faults and microtwin boundaries, which
improves the strength of the alloy by impeding detri-
mental mechanisms like twin thickening and stacking
fault ribbon shearing.[30,40–42] Furthermore, a transition
to stacking fault shearing is associated with a yield
strength anomaly in a Co–11Ti–15Cr alloy and exten-
sive work-hardening rates in Ta-containing Co-base and
CoNi-base superalloys.[2,3,24,43]

Despite the wealth of studies on the deformation
behavior of Co-base and CoNi-base superalloys at high
temperatures, systematic investigations on the influence
of varying temperatures and strain-rates are missing.
Additionally, only few studies have been conducted on
the high temperature deformation behavior of polycrys-
talline Co- or CoNi-base superalloys.[35,44] In this work,
deformation mechanism maps are created for four
slightly different compositionally complex polycrys-
talline CoNi-base superalloys after constant strain-rate
compression and creep experiments at temperatures
between 750 �C and 850 �C and strain-rates between
10–3 s�1 and 10–8 s�1. The differences in the underlying
defect structures as a function of temperature, strain-
rate and composition are evaluated. Additionally, the
role of segregation processes during plastic deformation
is discussed. Furthermore, the different deformation

mechanisms are correlated with the corresponding
mechanical properties to evaluate their influence on
the high temperature strength of the investigated alloys.

II. EXPERIMENTAL METHODS

Four polycrystalline CoNi-base superalloys were
investigated, whose nominal compositions are given in
Table I. CoWAlloy1, PHESA1 and PHESA2 were
arc-melted in an Ar atmosphere using raw elements of
at least 99.9 pct purity. To improve homogeneity, the
samples were turned over and re-melted at least three
times. After casting, the specimens were solution heat
treated at 1250 �C for 3 h in air and cold-rolled up to a
thickness reduction of 40 pct. Subsequently, the speci-
mens were heat treated at 1075 �C for 4 h to obtain a
completely recrystallized microstructure. As previously
reported,[11,20] CoWAlloy2 was vacuum arc-melted,
cast, homogenized at 1250 �C for 3 h and rolled on a
non-heated rolling mill with starting temperatures
between 1100 �C and 1150 �C by Vacuumschmelze
GmbH from a diameter of 40 mm down to 15 mm after
casting and homogenization at 1250 �C for 3 h in air.
After rolling, a recrystallization heat treatment at 1000
�C for 4h was conducted. An additional two-step aging
heat treatment was conducted on all alloys to generate
the c/c¢ microstructure, which consisted of 900 �C for
4 h and 750 �C for 16 h with air cooling after each step.
The initial microstructure after processing and

heat-treatment was investigated using a Zeiss Crossbeam
1540 EsB scanning electron microscope after a sample
preparation consisting of grinding with SiC paper up to
4000 grit and polishing with a final step using Struers
OPS (fumed silica suspension with a size of 0.25 lm).
The median grain size was determined via electron
backscatter diffraction (EBSD) using an Oxford Instru-
ments Nordlys2 detector. Additionally, the chemical
composition of the c and c¢ phases were determined via
atom probe tomography using a CAMECA LEAP
4000X HR. Atom-probe tips were produced via pillar
FIB lift-out as described in Reference 45 using a Zeiss
Crossbeam 540 XB. A pulse fraction of 125 kHz in laser
mode with a pulse energy of 50 pJ was used to trigger
field evaporation in 1 pct of the pulses. The specimen
temperature was set to 49 K.
Compression experiments were conducted to investi-

gate the deformation behavior for a high number of
different strain-rate and temperature combinations.
Cylindrical compression specimens were obtained by
wire spark erosion with a length to diameter ratio of 1.5

Table I. Nominal Composition of CoWAlloy1, CoWAlloy2, PHESA1, PHESA2 in At. Pct

Alloy Co Ni Al W Ti Ta Cr Si Hf Zr B C

CoWAlloy1 bal 32.0 6.0 3.0 2.5 1.5 12.0 0.4 0.1 0.08
CoWAlloy2 bal 32.0 9.0 5.0 0.3 0.2 12.0 0.4 0.1 0.01 0.08 0.08
PHESA1 bal 35.0 7.5 5.0 1.0 1.0 15.0 0.4 0.1 0.08
PHESA2 bal 35.0 9.0 5.0 0.3 0.2 15.0 0.4 0.1 0.08
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and diameters between 3 and 4 mm depending on
sample availability. Subsequently, all surfaces were
ground with SiC paper up to 2500 grit. The final height
tolerance of the top and bottom faces was less than
10 lm for all specimen. Constant strain-rate compres-
sion experiments were conducted using an Instron 4505
universal testing machine at temperatures between
750 �C and 850 �C and strain-rates of 10–3 s�1,
10–4 s�1, 10–5 s�1 and 10–6 s�1. Additionally, specimens
were crept in a pneumatic creep machine under constant
compressive stresses between 300 and 800 MPa in the
same temperature range of 750 �C to 850 �C. To
investigate the underlying defect structures, all experi-
ments were interrupted after reaching 1 to 2 pct plastic
strain.

From the inner part of the interrupted specimens and
also from the undeformed material, 400 lm thick slices
were cut using a precision saw and ground to a thickness
of 100 lm with SiC paper up to 4000 grit. The resulting
foils were electropolished in an 83.3 pct methanol—16.7
pct nitric acid solution using a TenuPol-5 at � 25 �C
and 45 V. Subsequently, conventional transmission
electron microscopy (TEM) investigations were con-
ducted on a Philips CM200 at a high voltage of 200 kV.
Due to the strong grain orientation dependence of
deformation mechanisms,[46] at least five randomly
chosen grains were investigated for each specimen to
capture all occurring mechanisms.

III. RESULTS

A. Microstructure

After processing and heat treatment, all alloys exhibit
a fully recrystallized grain structure with median grain
sizes of 15.8, 24.5 and 18.6 lm for CoWAlloy1,
PHESA1 and PHESA2, respectively. As determined
previously,[20] the median grain size of CoWAlloy2 is
8.2 lm, which is lower than the grain size of the other
alloys due to the higher plastic deformation prior to
recrystallization. Additionally, grain boundary phases
precipitated in PHESA1 and PHESA2 with total area
fractions of 1.47 and 0.93 pct, see Reference 47.

The c/c¢ microstructure was characterized through
TEM using displaced-aperture dark-field (DADF)

imaging as shown in Figure 1. Parameters of the c/c¢
microstructure are summarized in Table II. As deter-
mined previously,[20] primary c¢ precipitates form in
CoWAlloy1. Due to the different processing conditions
for CoWAlloy1 in this study, the primary c¢ volume
fraction is only 7.5 pct compared to the 18 pct published
by Freund.[48] In CoWAlloy2, PHESA1 and PHESA2,
no primary c¢ precipitates are observed. The increased
(Ni + Cr) to Co content in the PHESA alloys leads to a
slightly higher secondary c¢ volume fraction and lower
secondary c¢ size than in the CoWAlloys after the same
heat treatment. By changing the (Ta + Ti) to (Al + W)
ratio in CoWAlloy1 and PHESA1, no significant
differences regarding the c¢ volume fraction are deter-
mined, although the secondary c¢ size decreases. Simi-
larly, the tertiary c¢ size is also lower if the (Ta + Ti) to
(Al + W) and/or the (Ni + Cr) to Co ratios are higher.
The tertiary c¢ volume fraction is below 2 pct in
CoWAlloy1, PHESA1 and PHESA2, while it is signif-
icantly higher in CoWAlloy2 at about 6.7 pct. Never-
theless, the total c¢ volume fraction in all four alloys is
comparable. The shape of the secondary c¢ precipitates
in CoWAlloy1 is cuboidal, while the precipitates in the
other alloys are spherical indicating a higher lattice
misfit in CoWAlloy1 compared to the other alloys.
The composition of both the c and the c¢ phase was

determined using APT (see Table III). Results on
CoWAlloy1 and CoWAlloy2 have been already pub-
lished elsewhere.[48,49] In accordance with litera-
ture,[12,49,50] Co and Cr partition to the c matrix phase,
while Ni, Al, Ti and Ta strongly prefer the c¢ precipitate
phase. W is slightly enriched in c¢ in all alloys.
Compared with their respective CoWAlloy counterpart,
the alloying elements in the PHESA alloys partition
stronger to either the c or c¢ phase. This stronger
partitioning behavior is related to the higher Ni content
in these alloys.[50,51]

B. Mechanical Properties

A summary of all conducted mechanical investiga-
tions is shown in the form of a Norton plot in Figure 2.
Creep experiments are included using the applied true
stress and the resulting minimum creep rate. On the
other hand, a constant true strain-rate is used during
compression testing. Due to the initial work-hardening

Fig. 1—TEM-DADF images of the c/c¢ microstructure in (a) CoWAlloy1, (b) CoWAlloy2, (c) PHESA1 and (d) PHESA2.
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and the subsequent increase in the applied stress, the
elastic strain increases also during the experiment. In
contrast, the elastic strain in the creep experiments is
constant after the initial loading. Thus, the effective
mean true plastic strain-rate during the compression
tests is calculated by dividing the total plastic strain by
the total time, in which the alloy is plastically deformed.
Furthermore, for experiments, which do not reach the
peak stress yet, the stress after 1 pct plastic deformation
is used. As shown previously[47] and in Figure 2(a), this
approach shows good agreement between the two types
of experiment. Nevertheless, if the alloy still work-hard-
ens after 1 pct, which occurs at low temperatures and
high strain-rates, i.e., 750 �C and 10–3 s�1 (see
Figure 2(a)), a deviation from the fitted lines is clearly
visible. In the case of CoWAlloy2 and PHESA2, the 1
pct offset stress at this condition is even lower than at a
strain-rate of 10–4 s�1 due to the higher work-hardening
rates in the latter case. The stress–strain and creep
curves of all experiments are shown in the supplemen-
tary Figure S1 and S2 (refer to electronic supplementary
material), respectively.

Figure 2 reveals the significance of the Ta and Ti
additions in PHESA1 and CoWAlloy1 as the strength is
significantly enhanced in comparison to PHESA2 and
CoWAlloy2 at all investigated temperatures. In con-
trast, the respective alloys of the CoWAlloy series
perform only slightly better compared to their PHESA
counterparts at 750 �C, while the difference diminishes

with increasing temperature. Hence, the impact of the
Co to Ni + Cr ratio is apparently significantly lower
than that of the Al(+ W) to (Ta + Ti) ratio in these
alloys. To rationalize the differences in performance
between the four alloys, the underlying defect structures
of all tests shown in Figure 2 are investigated using
CTEM.

C. Deformation Mechanisms

Overviews of the deformation mechanisms occurring
in CoWAlloy1, CoWAlloy2, PHESA1 and PHESA2 are
shown in Figures 3, 4, 5 and 6, respectively.
At a low temperature of 750 �C and a strain-rate of

10–3 s�1, the defect structure of CoWAlloy1 is mainly
composed of stacking faults in the c matrix channels,
which extend from one c/c¢ interface to another one as
shown in Figure 3(a). APB-coupled dislocation pairs
shearing the c¢ precipitates are also observed. Occasion-
ally stacking faults are able to extend across the c/c¢
microstructure. At a higher temperature of 800 �C, the
number of APB-coupled dislocation pairs decreases,
while the contribution of stacking fault shearing
increases (see Figure 3(b)). This transition in the c¢
shearing mechanism continues when the temperature is
further increased and/or the strain-rate is reduced (see
Figures 3(c) through (e)). Additionally, more elongated
stacking faults are observed. At even lower strain-rates,
microtwinning is also observed (Figure 3(d)). Besides

Table II. Microstructural Parameters of the Investigated Alloys

Alloy Prim. c¢ VF/pct Prim. c¢ Size/nm Sec. c¢ VF/pct Sec. c¢ Size/nm Ter. c¢ VF/pct Ter. c¢ Size/nm Grain Size/lm

CoWAlloy1 7.5 ± 1.4 225.1 ± 54.2 54.0 ± 2.0 52.7 ± 16.2 0.2 ± 0.1 9.7 ± 3.7 15.8
CoWAlloy2 — — 55.1 ± 1.4 70.0 ± 21.4 6.7 ± 0.4 15.9 ± 4.2 8.2
PHESA1 — — 60.7 ± 0.5 44.3 ± 11.2 0.6 ± 0.2 6.8 ± 2.6 24.5
PHESA2 — — 60.0 ± 0.5 54.4 ± 14.1 1.5 ± 0.3 9.2 ± 2.7 18.6

Fig. 2—Norton plot of the investigated alloys at (a) 750 �C, (b) 800 �C and (c) 850 �C. In addition to the creep experiments (filled symbols), the
yield strengths at a plastic strain of 1 pct obtained during the constant strain-rate experiments (open symbols) are also included.
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stacking faults and microtwinning, also an increased
density of single dislocations, which bypass the precip-
itates through glide-climb motion, is observed at higher
temperatures and lower strain-rates (see Figures 3(c)
and (e)). Furthermore, single superpartial dislocations
are able to shear the precipitates while leaving extended
APBs in their wake at 850 �C and a strain-rate of about
10–7 s�1 as shown in Figure 3(f). Nevertheless, stacking
fault shearing and microtwinning also occur at these
creep conditions.

At low temperatures and high strain-rates (750 �C
and 10�3 s�1), the c¢ precipitates in CoWAlloy2 are
sheared by APB-coupled dislocation pairs similar to
CoWAlloy1 (Figure 4(a)). Extended stacking faults
have not been observed across the c/c¢ microstructure,
even though dislocations also dissociate in the c matrix
channels under stacking fault formation. Comparable
defect structures are also observed at higher tempera-
tures and similar strain-rates as shown in Figures 4(b)
and (c). At lower strain-rates, stacking fault shearing
starts to occur and its contribution increases with
decreasing strain-rate. Nevertheless, shearing by
APB-coupled dislocations pairs still remains a signifi-
cant deformation mechanism at lower strain-rates as
shown in Figure 4(d). Extended stacking faults, stacking
fault ribbons and microtwins are also occasionally
observed at these low strain-rates, although their density
is relatively low compared to the density of APB-cou-
pled dislocation pairs or isolated stacking faults. At

higher temperatures and lower strain-rates, single super-
partial dislocations are able to shear the c¢ precipitates
under the formation of extended APBs as shown in
Figures 4(e) and (f). While these defect structures coexist
with stacking faults and APB-coupled dislocations at
800 �C and 10–5 s�1, their occurrence increases with
increasing temperature and decreasing strain-rate. In
addition, single dislocations are also able to overcome
the precipitates via glide-climb motion at higher tem-
peratures and lower strain-rates.
Similar to the other two alloys mentioned above,

APB-coupled dislocation pairs shear through the c/c¢
microstructure in PHESA1 at low temperatures and
high strain-rates. However, as shown in Figure 5(a), the
resulting defect structure looks different. No single
dislocations, which extend from one c/c¢ interface to
another or which are deposited as interfacial disloca-
tions, are observed but only APB-coupled dislocation
pairs. In contrast to both CoWAlloys, a fourfold
dissociation of the coupled superpartial dislocation
pairs can be observed using WBDF as shown in
supplementary Figure S3. As such a dissociation could
not be resolved in both CoWAlloys, this observation
indicates an even lover stacking fault energy of the c
matrix in PHESA1 compared to the CoWAlloys. At the
highest investigated strain-rate of 10–3 s�1, plastic
deformation is solely carried out by APB-coupled
dislocation pairs at all temperatures (see for example
Figure 5(b) for 800 �C). With decreasing strain-rate, the

Fig. 3—TEM investigations on CoWAlloy1 after selected (a, b, c, e) constant strain-rate and (d, f) creep experiments interrupted at a plastic
strain of about 1 pct. (a) 750 �C and 10�3 s�1, WBDF image with g = 0–20 (g-3 g), (b) 800 �C and 10�3 s�1, WBDF image with g = 020

(g-3 g), (c) 850 �C and 10�5 s�1, WBDF image with g = 0–20 (g-3 g), (d) 750 �C and 800 MPa, BF image with g = 020, (e) 800 �C and
10�6 s�1, WBDF image with g = 020 (g-3 g) and (f) 850 �C and 450 MPa, DADF image with g = 0–10.

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 54A, MAY 2023—1653



acting deformation mechanisms in PHESA1 transitions
to stacking fault shearing (Figure 5(c) through (f)) and
subsequently also microtwinning similar to CoWAlloy1
(Figures 5(d) and (f)). As shown in Figure 5(e), single
dislocations also contribute to plastic deformation via
glide and climb motion at 800 �C and 10–6 s�1, which is
also observed if the temperature is further increased
and/or the strain-rate is lowered. Extended APBs
created by single superpartial dislocations were not
observed in any of the investigated conditions in
PHESA1.

As shown in Figure 6, shearing by APB-coupled
dislocation pairs occurs at all investigated conditions in
PHESA2. Similar to PHESA1, the superpartial disloca-
tions dissociate in the c matrix under the formation of
stacking faults (see Figures 6(a) and (b)). Additionally,
two other mechanisms are observed in PHESA2. At low
temperatures and low strain-rates, stacking fault shear-
ing, in the form of stacking fault ribbons or isolated
stacking faults, is also observed occasionally (see
Figures 6(d) and (e)). Despite the similarities to CoW-
Alloy2, no extended APBs have been found in any of the
specimens. However, single dislocations are also
observed in PHESA2 at high temperatures and low
strain-rates as shown in Figures 6(e) and (f). Neverthe-
less, except for high temperatures and low strain-rates
(850 �C and< 10–6 s�1), shearing by APB-coupled dis-
location pairs is the dominant deformation mechanism
at all conditions.

IV. DISCUSSION

Previous investigations on the defect structures in
Co-base and CoNi-base superalloys revealed the occur-
rence of a large variety of different deformation mech-
anisms. While most of these studies focused on
single-crystalline alloys with orientations close to the
[001] zone axis, numerous parameters, i.e., the applied
stress, the temperature, the alloy composition and the
microstructure, still varied significantly, which prevents
a thorough evaluation of the temperature and strain-
rate dependence of various mechanisms and their impact
on creep strength. The systematic investigations on the
defect structures in CoWAlloy1, CoWAlloy2, PHESA1
and PHESA2 at temperatures between 750 �C and
850 �C and strain-rates between 10–3 s�1 and about
10–8 s�1 provide an opportunity to construct deforma-
tion mechanism maps and to correlate the transitions in
the deformation behavior with the mechanical
properties.
As shown in Figure 7, the small chemical differences

in the four investigated alloys lead to drastic changes in
the underlying deformation behavior. The (Ta + Ti)-rich
alloys, CoWAlloy1 and PHESA1, show qualitatively a
similar deformation behavior that transitions from c¢
shearing by APB-coupled dislocation pairs to stacking
fault shearing, microtwinning and dislocation glide-climb
with increasing temperature and decreasing strain-rate.
However, extended APBs created by single superpartial

Fig. 4—TEM investigations on CoWAlloy2 after selected (a, b, c, f) constant strain-rate and (d, e) creep experiments interrupted at a plastic
strain of about 1 pct. (a) 750 �C and 10�3 s�1, WBDF image with g = 0–20 (g-3 g), (b) 800 �C and 10�4 s�1, WBDF image with g = 020

(g-3 g), (c) 850 �C and 10�3 s�1, WBDF image with g = 0–20 (g-3 g), (d) 750 �C and 800 MPa, WBDF image with g = 020 (g-3 g), (e) 800 �C
and 400 MPa, DADF image with g = 0–10 and (f) 850 �C and 10�5 s�1, DADF image with g = 0–10.
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dislocations are only observed in CoWAlloy1. Addition-
ally, the different regimes are shifted relative to each other,
whereby especially shearing by APB-coupled dislocation
pairs remains dominant over a larger temperature/
strain-rate field in PHESA1. Additionally, the occurrence
of the segregation- or diffusion-assisted mechanisms is
shifted to an order of magnitude lower strain-rates at
comparable temperatures in PHESA1.

In contrast to CoWAlloy1 and PHESA1, their (Al +
W)-rich counterparts show a different deformation
behavior. While a transition from shearing by APB-cou-
pled dislocation pairs to stacking fault shearing also
occurs in CoWAlloy2, microtwinning is not observed at
the investigated strain-rates. In a previous study, Freund
et al. found microtwinning in CoWAlloy2 after tensile
creep at 750 �C and 530 MPa, which indicates that the
transition to microtwinning still occurs in CoWAlloy2 if
the strain-rate is low enough.[35] With increasing tem-
perature, single superpartial dislocations are able to
shear through the c/c¢ microstructure and represent the
dominant shearing mechanism. This mechanism is not
observed in PHESA2, which deforms predominantly by
APB-coupled dislocation pairs at all investigated con-
ditions except for high temperatures and low strain-
rates, at which glide-climb motion by single superpar-
tials becomes the dominant occurring mechanism.

Besides temperature and stress, various other factors
are also considered to influence the acting deformation
mechanism: grain orientation, tertiary c¢ volume

fraction, planar fault energies and segregation pro-
cesses.[24–27,37,46,52,53] As shown by the extensive work of
León-Cázares et al.,[46] the grain orientation significantly
influences the type of stacking fault shearing. Thus,
stacking fault shearing is summarized in one category in
Figure 7 and the focus is laid on the transition of
athermal mechanisms to specific segregation-assisted
mechanisms. Due to the strong grain orientation depen-
dence, various grains have been observed in each speci-
men and the dominantly occurringmechanisms have been
summarized in Figure 7. Previous work by Viswanathan
et al. showed that a substantial tertiary c¢ volume fraction
can also facilitate a transition to stacking fault shear-
ing.[52] However, in this work, the alloys with low tertiary
c¢ volume fraction deform extensively by stacking faults
and microtwins in contrast to the alloys with a higher
tertiary c¢ volume fraction, which deform by APB-cou-
pled dislocation pairs. Since the total tertiary c’ volume
fraction is less than 2 pct for both PHESA alloys and
CoWAlloy1 and the operating deformation mechanisms
differ strongly, the tertiary c’ volume fraction does not
appear to play a significant role in the investigated alloys
at the selected test conditions. Hence, the transition to the
segregation-assisted mechanisms and the differences
between the alloys is related to different planar fault
energies and/or segregation processes.
Based on the work of Crudden et al.,[54] the unseg-

regated APB energies EAPB of the different c¢ phases are
calculated as follows:

Fig. 5—TEM investigations on PHESA1 after selected (a, b, c, e) constant strain-rate and (d, f) creep experiments interrupted at a plastic strain
of about 1 pct. (a) 750 �C and 10�4 s�1, BF image with g = 020, (b) 800 �C and 10�3 s�1, BF image with g = 020, (c) 850 �C and 10�4 s�1, BF
image with g = 0–20, (d) 750 �C and 620 MPa, BF image with g = 020, (e) 800 �C and 10�6 s.�1, WBDF image with g = 020 (g-3 g) and (f)
850 �C and 380 MPa, BF image with g = 0–20.
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EAPB ¼ E0
APB þ

Xn

i¼1

ðkixiÞ

where E0
APB is the APB energy for Ni3Al measured by

Kruml et al. [55], xi is the solute concentration of element
i in the c¢ precipitates and ki are element-specific
coefficients for the change in APB energy per at. pct.

Since the c¢ precipitates in the investigated CoNi-base
superalloys consist mainly of Ni, the element specific
coefficients ki from References 54 and 56 are used, which
have been derived via density functional theory (DFT)
calculations. By inserting the c¢ composition as deter-
mined by atom-probe tomography (see Table III), the
APB energies of CoWAlloy1, CoWAlloy2, PHESA1
and PHESA2 are determined to be equal to 335, 162,
235 and 162 mJ/m2. Hence, the addition of only
moderate amounts of Ta and Ti already leads to drastic
increases in the APB energy.

Besides increasing the APB energy, Ta and Ti are
known to increase the SISF and CSF energy of
Ni3(Al,X).[57,58] Initial investigations of the influence of
Ta and Ti in Co3(A,W) also reported an increase of the
SISF energy in this system.[54,59] However, recent DFT
calculations revealed that Ta is actually predicted to
decrease the SISF energy if the supercell is fully

relaxed.[33] Studies on the influence of Ta and Ti in the
(Co,Ni)3(Al,X) system are currently missing and are
needed to clarify the precise role of Ta and Ti on the
stacking fault energy in CoNi-base superalloys and on
the acting deformation mechanism.
Nevertheless, phase-field simulations by Feng et al.

revealed that single superpartials can only shear the c¢
precipitates by leaving an APB in their wake if the APB
energy is low enough.[60] While segregation of alloying
elements certainly leads to a reduction of the APB
energy, the higher initial barrier in the (Ta + Ti)-rich
alloys might be the reason why these alloys do not
predominantly deform by APB-based mechanisms at
lower strain-rates in contrast to the (Al + W)-rich
alloys.
Even though the mechanical properties of the alloys

cannot be compared on an absolute scale due to
differences in the c/c¢ structure and grain size, the
strain-rate dependence, i.e., the decrease in strength with
decreasing strain-rate, can be correlated with the differ-
ent defect structures. In Figure 8, the 1 pct offset stress
Rp,1 at a true strain-rate of 10–4 s�1 is plotted with the
stress to obtain a creep rate of 10–7 s�1. The corre-
sponding deformation mechanisms are also shown. As
evidenced in Figure 8(a), a transition to stacking fault
shearing and microtwinning is associated with a lower

Fig. 6—TEM investigations on PHESA2 after selected (a-c) constant strain-rate and (d-f) creep experiments interrupted at a plastic strain of
about 1 pct. (a) 750 �C and 10�4 s�1, WBDF image with g = 0–20 (g-3 g), (b) 800 �C and 10�3 s�1, BF image with g = 020, (c) 850 �C and
10�4 s.�1, BF image with g = 0–20, (d) 750 �C and 620 MPa, BF image with g = 020, (e) 800 �C and 400 MPa, WBDF image with 020 (g-3 g)

and (f) 850 �C and 350 MPa, BF image with g = 020.
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drop in strength in the (Ta + Ti)-rich alloys compared
to their (Al + W)-rich counterparts at 750 �C. With
increasing temperature and the occurrence of glide and
climb motion of single superpartial dislocations, the
strain rate dependence increases in all alloys, whereby it
is still slightly lower in the (Ta + Ti)-rich alloys at
800 �C (Figure 8(b)). However, at 850 �C, the stress
difference is slightly lower in PHESA2, while the one in
CoWAlloy2 increases (Figure 8(c)), which might be
related to the lower grain size of CoWAlloy2 in
comparison to the other three alloys (see Table II).
Since the propagation of stacking faults and microtwins
are strongly segregation-assisted,[29,37] higher tempera-
tures lead to higher dislocation velocities. This might
explain the increasing strain-rate dependence in the
(Ta + Ti)-rich alloys compared to the (Al + W)-rich
alloys with increasing temperature. Nevertheless, the
beneficial effect of stacking fault shearing and

microtwinning on the high temperature strength of
these alloys at 750 �C is evident.
Based on the investigations in this study, a general

guideline for a mechanism-based alloy design for high
strength polycrystalline CoNi-base superalloys can be
derived. As shown above, a transition to stacking fault
shearing and microtwinning significantly reduces the
strain-rate dependence of the alloy and improves the
high temperature strength at 750 �C. Besides these
mechanisms, no other mechanism contributes to plastic
deformation at these conditions in CoWAlloy1 and
PHESA1. While the exact reason for this behavior is not
known as of now, the strong increase in APB energy in
these alloys compared to CoWAlloy2 and PHESA2
might play an important role. As deformation is solely
carried by stacking fault shearing and microtwinning,
the strength can be further improved by preventing
microtwinning and stacking fault ribbons by phase

Fig. 7—Deformation mechanism maps of (a) CoWAlloy1, (b) CoWAlloy2, (c) PHESA1 and (d) PHESA2 as a function of strain rate and
temperature. Full and open symbols refer to constant strain-rate and creep experiments, respectively.

Table III. Chemical Composition of the c and c¢ Phase in the Investigated Alloys as Determined by APT

Alloy Phase Co Ni Al W Ti Ta Cr

CoWAlloy1 c¢ 27.55 43.50 11.98 3.66 5.65 3.59 3.19
c 50.93 20.24 2.83 3.37 0.72 0.26 20.61

CoWAlloy2 c¢ 32.80 39.37 14.53 6.06 0.50 0.37 5.45
c 49.00 21.26 3.63 4.36 0.04 0.03 20.95

PHESA1 c¢ 24.52 50.54 13.41 4.12 2.34 1.47 3.08
c 45.66 21.53 2.26 3.11 0.13 0.05 27.03

PHESA2 c¢ 25.67 49.29 15.95 2.98 0.74 0.23 4.61
c 43.92 21.91 2.96 2.66 0.06 0.02 27.79
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transformation strengthening and reducing the propa-
gation velocity of the remaining extended stacking
faults. Thus, a mechanism-based alloy design strategy
should consider both the segregation of the alloying
elements and the unsegregated planar fault energies to
tailor the acting deformation mechanism while simulta-
neously optimizing the segregation behavior.

V. SUMMARY AND CONCLUSION

This study investigated the influence of temperature
and strain-rate on the resulting deformation mechanism
in four compositionally complex CoNi-base superalloys
with slightly different compositions. The following
conclusions can be drawn:

� Additions of Ta and Ti significantly improve the high
temperature strength of polycrystalline CoNi-base
superalloys over a large temperature and strain-rate
regime.

� With increasing temperature and decreasing strain-
rate, the active deformation mechanism transitions
from shearing by APB-coupled dislocation pairs to a
segregation-assisted shearing mechanism and finally
glide-climb of single superpartial dislocations in all
alloys.

� The type of segregation-assisted shearing mechanism
strongly depends on the alloy composition. In the
Ta- and Ti-containing alloys, extensive stacking
fault shearing and microtwinning is observed, while
the Al- and W-rich alloys predominantly deform by
APB-based mechanism.

� A transition to stacking fault shearing and
microtwinning is associated with a lower strain-rate
dependence and superior high temperature strength

in comparison to shearing by APB-coupled disloca-
tion pairs.
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109, pp. 104–07.

12. N. Volz, C.H. Zenk, R. Cherukuri, T. Kalfhaus, M. Weiser, S.K.
Makineni, C. Betzing, M. Lenz, B. Gault, S.G. Fries, J. Schreuer,
R. Vaßen, S. Virtanen, D. Raabe, E. Spiecker, S. Neumeier, and
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Göken: Scr. Mater., 2018, vol. 142, pp. 129–32.

19. M. Lenz, Y.M. Eggeler, J. Müller, C.H. Zenk, N. Volz, P.
Wollgramm, G. Eggeler, S. Neumeier, M. Göken, and E. Spiecker:
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and M. Göken: J. Mater. Res., 2017, vol. 32, pp. 4475–82.

21. Y. Zhang, H. Fu, X. Zhou, Y. Zhang, and J. Xie: Intermetallics,
2019, vol. 112, p. 106543.

22. X. Zhuang, S. Lu, L. Li, and Q. Feng: Mater. Sci. Eng. A, 2020,
vol. 780, p. 139219.

23. Z. Fan, C. Wang, C. Zhang, Y. Yu, H. Chen, and Z. Yang:Mater.
Sci. Eng. A, 2018, vol. 735, pp. 114–20.

24. A. Bezold, N. Volz, M. Lenz, N. Karpstein, C.H. Zenk, E.
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