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A systematic study of the compression creep properties of a single-crystalline Co-base superalloy (Co-9Al-
7.5W-2Ta) was conducted at 950, 975 and 1000°C to reveal the influence of temperature and the resulting
diffusion velocity of solutes like Al, W and Ta on the deformation mechanisms. Two creep rate minima
are observed at all temperatures indicating that the deformation mechanisms causing these minima are
quite similar. Atom-probe tomography analysis reveals elemental segregation to stacking faults, which
had formed in the y’ phase during creep. Density-functional-theory calculations indicate segregation of
Co-base superalloys W and Ta to the stacking fault and an associated considerable reduction of the stacking fault energy. Since
Directional coarsening solutes diffuse faster at a higher temperature, segregation can take place more quickly. This results in a
Cfee? significantly faster softening of the alloy, since cutting of the y’ precipitate phase by partial dislocations is
Stacking fault energy facilitated through segregation already during the early stages of creep. This is confirmed by transmission
DFT electron microscopy analysis. Therefore, not only the smaller precipitate fraction at higher temperatures
is responsible for the worse creep properties, but also faster diffusion-assisted shearing of the y’ phase
by partial dislocations. The understanding of these mechanisms will help in future alloy development by
offering new design criteria.
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1. Introduction

The class of y’ strengthened Co-based superalloys was discov-
ered in 2006 [1] and has been studied intensively since then. These
alloys are considered as alternative materials to conventionally
used Ni-base superalloys for high-temperature applications [2]. Co-
base superalloys are strengthened by L1,-ordered precipitates as in
Ni-base superalloys, however, their stoichiometry is Co3(ALW) in-
stead of NizAL

Creep properties are particularly crucial for high-temperature
applications and therefore it is necessary to study the deformation
mechanisms during creep. It has been shown that the deformation
mechanisms of Co-base superalloys vary from the ones of CoNi-
and Ni-based superalloys [3-10]. The deformation mechanisms are
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mainly influenced by the partitioning and segregation of alloying
elements, planar fault energies and the y /[y’ lattice misfit. The
misfit is typically negative for 2nd-4th generation single-crystal
Ni-base [11-14] and positive for Co-base superalloys [15,16]. Due to
their positive misfit, single-crystalline Co-base superalloys form a
plate-like rafted microstructure perpendicular to the stress axis un-
der compressive load (N-type rafting) [10,15-17], which contrasts
with single-crystalline Ni-base superalloys that exhibit meander-
like rafts parallel to the external compressive stress axis (P-type
rafting). The behavior is vice versa if tensile stresses are consid-
ered. These microstructural observations are only valid for <001>-
oriented single-crystalline material. In the following, only the case
for <001>-oriented samples is considered when creep behavior or
related properties are discussed.

The plate-like rafted y [y’ microstructure perpendicular to the
stress axis is known to strengthen both, Co-base (compressive
creep) and Ni-base (tensile creep) superalloys, during creep in the
high temperature creep regime [18-22]. The vertical y channels
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close because of the directional coarsening of ¥’ and thus the dis-
location movement becomes confined to the horizontal channels as
long as the main deformation is located in the y matrix. This hard-
ening effect gets lost when y’ cutting becomes more prevalent and
coarsening reduces the Orowan stress to bypass the precipitates.
Xue et al. [18,22] found that this hardening effect of the y’ rafts is
operative in a Co-9Al-7.5W-2Ta alloy in the high temperature creep
regime (950°C /| 150 MPa) and causes a second minimum in the
creep rate/strain plot. This behavior is also known from Ni-base
superalloys [20,23] crept in tension in the high-temperature/low-
stress regime, in which they also form N-type y’ rafts.

The main difference between Ni- and Co-base superalloys re-
garding the double minimum creep behavior at high temper-
atures is that y’ precipitates are cut by a/2<110> dislocation
pairs in Ni-base alloys [20,23,24] while the precipitate shearing
in Co- and CoNi-base alloys is accompanied by the formation
of extended superlattice stacking faults (SFs) [7,9,10,16-18,25-28].
Stacking faults are formed due to a thermally activated reaction of
a/2<110>{111} dislocations, which results in a leading partial dis-
location of a/3<112> type creating a superlattice intrinsic stacking
fault (SISF) and a trailing partial dislocation of a/6<112> type that
remains at the y/y’ interface. Additionally, it is known that seg-
regation of solutes to planar faults influences the defect energies
and their formation process significantly [26,29-32]. Furthermore,
local diffusive reordering processes occur and defect arrangements
can be changed driven by an energy reduction [30,33-35]. Another
mechanism to form SISFs by climb of Frank partial dislocations was
recently reported by Lenz et al. [26].

The change of the SISF energy due to local chemical variations
has also been analyzed with density-functional theory (DFT) cal-
culations earlier [34,36,37]. In these works, the SISF energy was
approximated with the axial next-nearest neighbor Ising (ANNNI)
model [38] as the energy difference of L1, and D09 based simu-
lation cells with disordered Al/W sublattices [34,36,37]. With this
approach, Titus et al. [34] found that an exchange of Al for Ta and
W can reduce the stacking fault energy, which then facilitates a
thermodynamically favorable phase transformation. Mottura et al.
[36,37] reported that the addition of Ta to the Co3(ALW) com-
pound in general increases the SISF energy, leading to a higher re-
sistance of y’ against shearing. Additionally, it was calculated that
a Ta atom prefers a W site rather than an Al or Co site. This prefer-
ence observed for a disordered Al/W sublattice [34,36,37] was also
found in corresponding DFT calculations with an ordered arrange-
ment of atoms on the Al/W sublattice [39].

In general, all these studies found that Ta is beneficial for the
mechanical properties of both Ni- and Co-base superalloys. There-
fore, He et al. [40] investigated the same Co-9AI-7.5W-2Ta alloy
as Xue et al. [18,22], however, at a slightly higher temperature of
975°C. They also found a double minimum creep curve at these
test parameters in compression creep as well as the formation
of SFs when y’ is cut, followed by twinning. Additionally, they
showed that the SFs are enriched in the y’ forming elements W
and Ta and proposed that this promotes the formation of shear
bands and twins.

Contrary to the studies of Xue et al. [18,22] and He et al
[40], Tanaka et al. [16], who also investigated quaternary Co-Al-
W-Ta alloys in tensile creep tests at slightly higher temperatures of
1000°C, did not find a double minimum creep behavior, although
the creep regime is similar. This raises the question if the P-type
rafting in tensile tests or the slightly higher temperature are re-
sponsible for this significant difference in deformation behavior
since all of the effects mentioned above are diffusion-controlled
processes. The diffusion coefficients are known to increase with
increasing temperature in both Co- and Ni-based superalloys [41-
44], suggesting faster rafting and formation of faults at higher tem-
peratures.
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Fig. 1. SEM back-scattered electron (BSE) micrograph of the investigated alloy
ERBOCo-2Ta after the initial heat treatment of 1300°C for 12 h and 900°C for 200 h,
each step followed by water quenching.

To investigate the time dependency of microstructural changes
during compression creep with respect to different diffusion rates,
this study presents creep tests at three different temperatures. This
allows the observation of kinetic effects like diffusion on the raft-
ing behavior and the deformation mechanisms. Additionally, the
experimental results of elemental segregation at a stacking fault
was compared to density functional theory (DFT) calculations of
the influence of solute atoms and of the Al/W ratio on the stacking
fault energy. The calculations focus on the segregation of solutes
on distinct sublattice sites in the planes adjacent to the SISF intro-
duced into the supercell. Finally, the findings in this work enable to
give design criteria for the future development of y’ strengthened
superalloys.

2. Experimental methods
2.1. Alloy and heat-treatment

The investigated alloy ERBOCo-2Ta, which was the focus of pre-
vious studies [18,22,40], has a nominal composition of Co-9Al-
7.5W-2Ta (at.%). Single-crystal (SX) bars with a length of about
10 cm and a diameter of about 12 mm were cast in a lab-scale
Bridgeman casting unit at a temperature of 1560°C and a with-
drawal rate of 3 mm/min. The bars were solution heat-treated at
1300°C for 12 h and aged at 900°C for 200 h followed by water
quenching after each step. This heat treatment enables the for-
mation of sufficiently large y’ precipitates and a high y’ volume
fraction. A micrograph of the investigated alloy in the fully heat-
treated state is shown in Fig. 1. Additionally, several samples were
heat-treated for 50 h between 900 and 1100°C to evaluate the tem-
perature dependence of the y’ volume fraction.

2.2. Microstructural characterization

Specimens for characterization by scanning electron microscopy
(SEM) were stepwise ground and mechanically polished with SiC
paper sheets and diamond suspensions of different particle sizes.
SEM investigations were performed on a Zeiss Cross Beam EsB 1540.
The resulting micrographs were analyzed using Image/ [45] to mea-
sure y’ area fractions and y channel dimensions in different direc-
tions. In the style of rafting evaluations in [46], the channel dimen-
sions were analyzed by fitting straight lines into the y channels in
binarized SEM images with a distance of 2 pixels in-between. The
y channel dimensions were determined by measuring the length
of these lines. The lines were rotated in 10° steps to characterize
the evolution of the raft formation from 0 to 180° with respect to
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the external load axis. The mean value of the line length at every
angle was used to compare the different states. Three micrographs
of different specimen areas per interrupted sample were charac-
terized. The evaluation was performed automatically using a self-
written procedure for Image].

2.3. Compression creep tests

Cylindrical <001>-oriented creep specimen with a height of
7.5 mm and a diameter of 5 mm were wire eroded out of the heat-
treated SX bars. The misorientation of the specimens was within
5° from the <001> direction. Compression creep tests were per-
formed in air at a true stress of 150 MPa and temperatures of 950,
975 and 1000°C. The tests were repeated and interrupted at dif-
ferent strains and times. Two different rods were used throughout
these investigations. The compression creep tests at 950 and 975°C
were conducted on samples from the same casting, while the tests
at 1000°C were done on a separate cast bar, leading to small dif-
ferences described later in the manuscript.

Subsequently, the crept samples were cut parallel to the {001}
and {010} planes to analyze the deformed microstructure. SEM
samples were treated as described above. Transmission electron
microscopy (TEM) samples were ground to a thickness of about
100 pm and finally electrolytically thinned using a twin-jet pol-
ishing machine with a 60 % perchloric acid in methanol and 2-
butoxyethanol electrolyte (Struers, A3 electrolyte). TEM investiga-
tions were performed using a Philips CM200 at 200 kV.

2.4. Correlative microscopy

The defect regions were located by electron channeling con-
trast imaging (ECCI) in a Zeiss Merlin scanning electron microscope
(Carl Zeiss SMT, AG, Germany) equipped with a Gemini-type field
emission gun electron column. The operating acceleration voltage
was kept at 30 kV with a probe current of 4 nA. Images were
taken from a working distance of 6 mm. Specimens for correla-
tive investigation by TEM and atom probe tomography (APT) were
fabricated using a dual-beam SEM | focused-ion-beam (FIB) in-
strument (FEI Helios Nanolab 600) via an in-situ lift-out protocol
[47]. The defect regions were extracted from the bulk and subse-
quently attached to the electropolished tips of a halved TEM Mo-
grid that was mounted in a special correlative holder designed in-
house [48]. These regions were sharpened by FIB milling at 30 kV
followed by a final cleaning procedure at 2 kV and 16 pA current
to remove severely damaged surface areas induced previously by a
high-energy Ga ion beam.

TEM on the APT needle-shaped specimens was carried out us-
ing a Philips CM-20 instrument operated at 200 kV. Near-atomic-
scale compositional analysis was done by APT using a LEAP™
5000X HR (Cameca Instruments) equipped with a reflectron lens.
The instrument was operated in laser pulsing mode at a pulse rep-
etition rate of 125 kHz and pulse energy of 40 pJ. The specimen’s
base temperature was kept at 60 K and the target detection rate
was set to be five ions detected every 1000 pulses. Data analysis
was performed using the software package IVAS 3.8.0.

To characterize and compare the segregation at the stacking
fault, the concentration profiles of the alloying elements acquired
by APT were fitted using a Gaussian equation. The concentrations
of the element X in the y’ phase near the stacking fault cV,(X)
and at the stacking fault cgsp(X) were determined from the base-
line and the maximum/minimum value of the Gaussian fit, respec-
tively. Subsequently, the defect segregation coefficient kyS'F could
be calculated by

X)
SIsF . Cstsr ( ;
s ) 00 (1)
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Fig. 2. Supercell for DFT calculations with a SISF between layers L12 and L13 as in-
dicated by the dashed line. The colors indicate the Co (dark blue), Al (bright blue)
and W atoms (gray). The considered segregation configurations are denoted as X,
to indicate that element X=Al,W,Ta replaces the atom at position i=1,2,3,4,5 of sub-
lattice s=Co,ALLW. The layers L1 and L13 are not equivalent due to the tilt of the
lattice vector. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

2.5. Density functional theory calculations

The density functional theory (DFT) calculations were per-
formed using the VASP software package [49-51] with the gen-
eralized gradient approximation to the exchange-correlation func-
tional [52] and the projector augmented-wave method [53]. Spin-
polarized calculations with a plane-wave cut off of 400 eV and
a Monkhorst-Pack k-point mesh [54] with a k-point distance of
0.125 A-1 were performed. All calculations start from an initial
ferromagnetic ordering. The electronic convergence is carried out
until the total energy per ionic step converges to 10-% eV. The
atomic positions and the supercells are fully relaxed until the
forces on each atom are <0.01 eV/A. The supercells are based on
L1, crystal structures with Cos(Alg5,Wqs5) (at.%) composition. In
our simulations, the Al and W atoms are distributed alternatingly
on the common sublattice. A complete consideration of disorder
[55] would require the sampling of an intractable number of pos-
sible configurations, therefore only few arrangements of disordered
Al/W sublattices are considered in this work.

The simulation supercell with a superlattice intrinsic stacking
fault (SISF) is constructed from a repetition of the L1, unit cell
by tilting the lattice vector in [111] direction by the Burgers vec-
tor a/3[11-2] while fixing the atomic positions. For details of the
procedure of constructing the supercell, see Refs. [56-58]. The re-
sulting SF is separated by twelve layers from its periodic images.
Each layer contains eight atoms with alternating layers of Al and
W atoms on the Al/W sublattice, as shown in Fig. 2. In the absence
of impurities, each layer has 4 Co atoms and either 2 Al atoms or
2 W atoms. This results in 12.5 % Al and 12.5 % W in the 2 layers
that constitute the SISF. The segregation sites are labeled in red, on
the Al sites as 1 and 4 and at the W sites as 2 and 3. The alloying
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Fig. 3. Creep tests of ERBOCo-2Ta at 950°C, 975°C and 1000°C / 150 MPa. (a) Creep rate plotted against plastic strain and (b) creep rate plotted against the creep time.

element Ta is added by replacing one of the atoms of these sites.
The resulting chemical composition of about 1 at.% Ta (one Ta atom
in 96 atoms of the supercell) is close to the chemical composition
of the alloy in the experimental part of this work.

The SISF energy is computed from the relaxed structures as

ET [SISF _ ET tBLl”(
VsisF = (OA%O) (2)

where Ep,S'F is the total energy of the supercell with/without al-
loying additions, EgoBUk is the total energy of the bulk supercell
in the same configuration without SF and A is the area of the SISF
plane in the supercell.

3. Results
3.1. Creep properties at different temperatures

The results of the creep tests at 150 MPa and temperatures of
950, 975 and 1000°C are plotted in Fig. 3. At 950°C, the creep curve
of ERBOCo-2Ta exhibits a very pronounced double minimum in the
creep rate, showing a local minimum at strains of about 0.2 %
plastic strain, followed by a slight increase of the creep rate and
a global minimum at about 0.75 % strain. According to Xue et al.
[18,22], this double minimum behavior can be attributed to the di-
rectional coarsening of ¢’ during the creep test. Since the y’ phase
is an effective obstacle for the movement of a/2<110>{111} matrix
dislocations at this temperature and stress, the closing of the ver-
tical y channels due to the formation of y’ rafts perpendicular to
the applied load results in a significant hardening [18,22].

At 975°C, the overall creep rate significantly increases and the
double minimum behavior becomes less distinct, but the two min-
ima still appear at similar strain values. However, Fig. 3b reveals
the shift of the double minimum to shorter times, indicating a
faster change in the mechanisms or the microstructure.

A further increase in the test temperature to 1000°C results in
higher overall creep rates. Furthermore, the hardening effect due
to the formation of y’ rafts is less visible since especially the first
minimum in the strain rate plots becomes less pronounced. How-
ever, other microstructural features like the marginally larger pre-
cipitate size due to the higher temperatures of 1000°C might also
have an influence on the diminishing creep rate minima. The mini-
mum creep rates are reached at approximately similar strains com-
pared to the tests at 950°C and 975°C. However, especially the first
minimum is shifted to shorter times, as shown in Fig. 3b.

The measurements indicate that a temperature shift from 950
to 975°C leads to a more pronounced influence on the creep curves
compared to the shift from 975 to 1000°C. However, as described
above, samples from two separate castings were used. The samples

used for the tests at 1000°C exhibit a slightly higher y’ fraction at
equal temperatures, assumingly caused by small variations in the
overall chemical composition. The effect of the y’ volume fraction
is discussed in detail in Section 4, since a higher y’ fraction leads
to a more pronounced strengthening, which results in lower creep
rates [59]. However, the double minimum creep and the underly-
ing mechanisms are still clearly visible at all temperatures and in
all samples.

3.2. Microstructural evolution during creep

The creep tests were repeated and interrupted after several
strains/times (see Fig. 3) to investigate the evolution of the y [y’
microstructure. Fig. 4 shows the corresponding SEM micrographs.

A pronounced directional coarsening of y’ is visible at all test
temperatures, caused by the high y/y’ lattice misfit in combina-
tion with external loading. This rafting behavior was quantified by
measuring the y channel dimension in several directions, as illus-
trated in Fig. 5. Due to the positive lattice misfit and the applied
compressive stress, the preferred rafting direction is perpendicular
to the external stress axis. At later stages of the creep tests, the '
phase becomes irregularly shaped and grows in other directions as
well. This re-arrangement or rotation of the rafts is well described
by He et al. [40]. They propose a mass transport of y’ forming so-
lutes by partial dislocations shearing through y’ on <111> planes,
which leads to the re-precipitation of y’ in the y matrix on <111>
planes when the dislocations are stopped at y/y’ interfaces. Since
rafting is also a diffusion-controlled process, an increasing temper-
ature results in a faster evolution of the rafted structure. The spec-
imen tested at 975°C to a strain of about 0.98 % (Figs. 4 (e) and
5 (b)), for example, exhibits y channel widths comparable to the
sample tested at 950°C to a similar strain of about 0.76 % (Figs. 4
(b) and 5 (a)), however, the test time was only 38 h compared to
over 200 h. This is even more pronounced when one compares the
samples tested until 2.44 % (Fig. 4 (c)) and 2.3 % (Fig. 4 (i)) strain at
950°C and 1000°C, respectively. Both samples show comparable y
channel dimension, while the test time differs in a factor of more
than 17. In summary, the evolution of the directional coarsening is
similar at comparable strain values, independent of the test tem-
perature, as indicated by Fig. 5. This significant faster formation of
the rafted structure at higher temperatures is mainly attributed to
the higher diffusivity of the alloying elements.

Additionally, the samples were investigated by TEM and ECCI
after the interrupted creep tests. The corresponding defect struc-
tures are shown in Fig. 6.

It is evident that the deformation at 950°C up to strains of
0.22 % and 0.76 % is mainly located in the y channels since long
dislocation segments are visible in the horizontal y channels (see
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Fig. 4. SEM microstructure after creep tests at 150 MPa and (a)-(c) 950°C, (d)-(f) 975°C and (g)-(i) 1000°C. Tests were interrupted after different plastic strains/times.
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Fig. 5. Quantification of the y channel dimensions during creep at the temperatures (a) 950°C, (b) 975°C and (c) 1000°C. The undeformed microstructure is given in black

as 0.0 % plastic strain. The angles refer to the coordinate system introduced in Fig. 4.

Fig. 6 (a)) and stacking faults within y’ were observed rarely. Af-
ter about 0.76 % strain, the y’ precipitates are sheared more fre-
quently. However, deformation is still concentrated in the y ma-
trix, as indicated by the high dislocation density and the dense in-
terfacial dislocation network shown in Fig. 6 (b) and discussed in
detail elsewhere [22]. At larger strains of 2.44 %, significant shear-
ing of y’ and the formation of stacking faults can be observed (see
Fig. 6 (c)). This indicates that the hardening effect of y’ vanishes
as the creep test proceeds, leading to a pronounced softening as
visible in the creep data in Fig. 3. Twinning and the formation of

small DOyg nuclei could be observed at this stage. However, this
will not be discussed in detail in this manuscript and the reader is
referred to Xue et al. [22] for more information.

At 975°C and low strain/short time of 0.1 % and 3 h (Fig. 6
(d)), the microstructure looks quite similar to the same stages at
950°C (Fig. 6 (a)). However, after about 1 % strain (see Fig. 6 (e)),
shearing events under stacking fault formation are observed more
frequently. The microstructure after 2.6 % strain at 975°C (see
Fig. 6 (f)) is again comparable to 950°C (see Fig. 6 (c)) and the
precipitates are frequently cut by dislocations, resulting in a high
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950°C

1000°C

Fig. 6. TEM/ECCI microstructures after creep tests at 150 MPa and (a)-(c) 950°C, (d)-(f) 975°C and (g)-(i) 1000°C. Tests were interrupted after different plastic strains/times.

stacking-fault density inside the plate-like y’ rafts. Additionally,
twinning was observed in this crept sample. This mechanism is ex-
plained in detail by He et al. [40].

The deformation mechanisms at 1000°C are comparable to the
ones at 975°C and 950°C. Cutting is only observed infrequently at
low strains and the main deformation is concentrated in the y ma-
trix phase (see Fig. 6 (g)). At large strains of 2.3 % (Fig. 6 (i)), the
rafts are packed with stacking faults and cutting of y’ is a relevant
mechanism. However, at the intermediate stage of about 1 % plas-
tic strain at 1000°C (Fig. 6 (h)), ' cutting is pronounced already,
similar to the microstructure after 2.3 % (Fig. 6 (i)). This indicates
that cutting of ¥’ occurs earlier when the temperature is higher.

3.3. Elemental segregation at stacking faults

An APT specimen was prepared from the sample crept to about
1 % plastic strain at 975°C, in order to investigate the segregation
of solutes to creep-deformation-induced stacking faults. As evident
from the TEM micrograph in Fig. 7 (a), the APT specimen contained
a stacking fault in the y’ phase. The corresponding reconstructed
element map (see Fig. 7 (b)), showing Al atoms in red and an iso-
compositional surface delineated by 55 at.% Co in yellow to mark
the y/y’ interface, indicates that the distribution of Al changes

Table 1

Concentration of the solutes at the SISF and in the
surrounding y’ phase determined from APT and
the calculated defect segregation coefficient.

Co Al w Ta

cosr | at% 7547 634 1343 456
¢, [at% 7689 9.08 1053 345
KSSF /- 098 070 128 132

along the stacking fault. The composition profile across the stack-
ing fault shown in Fig. 7 (c) reveals a depletion in Co, a significant
depletion in Al and an enrichment of W and Ta. The quantification
of the segregation behavior is given in Table 1. The defect segre-
gation coefficient kySSF of 1.28 for W and kp,5F of 1.32 for Ta
indicate that their degree of segregation towards the SISF is simi-
lar. The kyS'SF of 0.70 shows that the depletion of Al is much more
pronounced compared to the depletion of Co (k¢,SF = 0.98).
Similar TEM-EDS and APT results were reported by Titus
et al. [28,34] for an Co-8.8Al-9.8W-2.0Ta alloy crept at 900°C and
345 MPa. Further investigations on the local compositions around
SISFs in a multi-component CoNi-base superalloys (Co-32Ni-8Al-
5W-6Cr-2.5Ti-1.5Ta-0.4Si-0.1Hf) also find Al depletion and Ta and
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Fig. 7. APT specimen in (a) TEM and (b) after reconstruction (Al atoms shown in red; Co 55 at.% iso-concentration surface in yellow, the arrow indicates the area of the
concentration profile) showing (c) Co/Al depletion and W/Ta enrichment at the stacking fault. This sample was prepared from a specimen creep-deformed for 38 h at 975°C
to 0.98 % plastic strain. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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W enrichment but contrary to the findings reported herein, Co was
reported to be enriched around the stacking fault [26,35]. However,
a direct comparison is not meaningful in this case because of the
presence of additional elements and complex solute interactions.
In particular the Ni-content is known to have a large influence on
the stacking fault energy of y [60] and y’ [7].

These findings indicate that segregation of solutes to and away
from faults during creep already occurs at comparably short times
and low strains. Since higher temperatures increase the diffusivity
of the atoms, the segregation to faults is likely to happen faster
during the creep tests at 975 and 1000°C compared to the tests at
950°C. However, the fault energy itself is temperature dependent
and so the driving force for segregation might also be different.

3.4. DFT calculations of stacking fault energies

The segregation profiles of the APT experiments in Fig. 7 can be
directly compared to the DFT calculations of the changes in SISF
energy ysisp With respect to segregation in the vicinity of the fault
plane. The corresponding supercells are generated by placing W, Al
or Ta atoms at Al sites (site 1 and 4 in Fig. 2), W sites (site 2 and
3 in Fig. 2) or Co-sites (site 5 in Fig. 2). Fig. 8 (a) shows the com-
puted SISF energies for the pure SISF supercell, i.e. without segre-
gated atoms, and for different segregation configurations. In order
to compare our explicit calculations of the SISF energy to the pre-
vious estimates with the DFT+ANNNI approach [34,36,37], we in-
clude not only the results for the fully relaxed SISF simulation cells

in Fig. 8 (a), but also for the unrelaxed SISF simulation cells. The
simulation cells of the latter were generated by the introduction of
a SF in the bulk cell as described above without further relaxation.

Overall, a considerable difference owing to full relaxation of the
supercell is observed with respect to both the order of magni-
tude and individual qualitative differences. Our value for the re-
laxed SF energy in the pure, ordered Cos(ALW) of 60 mj/m? is
slightly lower than the value of 89-93 mJ/m? of the DFT+ANNNI
estimate [34] that used a disordered Al/W sublattice but no explicit
treatment of the stacking fault. The difference of approximately 30
m]J/m? is of the order of the mixing energy in this system [55] and
considerably smaller than the effect of atomic and volume relax-
ation of nearly 90 mJ/m2. The very good agreement with the aver-
age of five randomly chosen disordered arrangements of the Al/W
sublattice (Fig. 8 (b)) confirms the validity of our approach to ana-
lyze the SF energies with ordered Al/W sublattices. A much larger
influence on the SF energies is observed due to atomic relaxations:
The calculations without atomic relaxation show an increase of the
SISF energy for W replacing Al at the fault plane (W1y,), for Ta re-
placing Al or W at the fault plane (Taly;, Ta2y) and for a com-
bination thereof (Tal,, plus W#,)). The previous DFT+ANNNI esti-
mates of the SISF energy [34,36,37] are to some degree compara-
ble to these results in the sense that they neglect the influence of
atomic relaxation due to the presence of the SF. Similar to our re-
sults with unrelaxed atomic positions, the configuration-averaged
DFT+ANNNI estimate indicates an increase of the SISF energy for
Ta on an Al or W site [34]. Full relaxation of the supercell with SF
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however, leads to qualitatively different results in that the SISF en-
ergy is decreased for Ta on an Al or W site (Talp, Tay, Tal, plus
W4,)). As the total change in volume and shape of the supercell
before and after relaxation is less than 1 %, this demonstrates that
the small energy changes due to the influence of the SF on atomic
relaxation can alter the qualitative picture and interpretation.

Our DFT calculations with atomic relaxation can rationalize the
segregation profiles of Co and Ta measured by APT experiments
(see Fig. 7). In the calculations, the addition of a Ta atom next
to the fault reduces the SISF energy, regardless if the Ta atom re-
places a Co, Al, or W atom. The largest reduction is predicted for
Ta replacing Co (Ta%c,), followed by Ta replacing Al (Ta',;) and W
(Ta2y). Interestingly, this sequence is opposite to previously calcu-
lated energetic sequence of solution energies [34,35]. The prefer-
ence of Ta replacing Co at the SF plane matches the Ta enrichment
and Co depletion at the SF plane observed in APT. In order to an-
alyze the influence of the experimentally observed W enrichment
and Al depletion at the SF plane, we additionally determined the
SISF energy for Ta on an Al or W site with co-segregation of a W
atom on an Al site. The SISF energies of the corresponding config-
urations Tal, plus W4, as well as Ta3\y plus W4, are similar to
Ta on Al (Ta'y;) or W (Ta2y) without W on Al co-segregation and
higher than Ta replacing Co. We therefore expect that the prefer-
ence of Ta for the Co sites at the SF plane is not affected by the
local W over Al enrichment.

Our DFT calculations for W', and Al2yy, indicate an increase of
the SISF energy for W replacing Al and a decrease for Al replacing
W in agreement with previous DFT calculations [61]. These DFT
results of replacing single atoms at the SF plane can, however, not
explain the APT experiment in this work and in previous works
[34] that show an enrichment of W and a depletion of Al at the SF
plane. We therefore conducted additional DFT calculations to an-
alyze the influence of the Al/W ratio, as shown in Fig. 8 (b). The
Al/W chemical compositions of 3:1 and 1:3 are represented with
alternating arrangement of W and Al atoms every second layer in
CosAl and CosW supercells, respectively, in the supercells with and
without SF. Our results in Fig. 8 (b) show that the SISF energy is
reduced for deviations from a 1:1 Al/W ratio towards both, Al and
W enrichment, in agreement with previous DFT calculations [61].
For Co3W and CosAl the SISF energy takes negative values, which
is not surprising as the B2 phase in Co-Al and the D09-phase in
Co-W are competing in structural stability at these compositions.
For small deviations from 1:1 composition, the SISF energy is low-
ered by a small amount for Al enrichment and by a considerable
amount for W enrichment. This is in line with the W enrichment
and the Al depletion at the SISF observed in APT (Fig. 7). The ob-
served enrichments at the SISF are hence due to different thermo-
dynamic driving forces that arise from local atomic relaxations in
the case of Ta and from a deviation of chemical stoichiometry in
the case of W.

4. Discussion

To evaluate the kinetic differences in the evolution of the creep
rates during the creep tests on ERBOCo-2Ta at 950°C, 975°C and
1000°C, all the consequences of the results presented above need
to be considered. First of all, an increasing temperature leads to
an increasing diffusivity of the alloying elements [41-43] and a
decreasing y’ volume fraction. Especially the lower y’ fraction of
56 % at 975°C compared to 69 % at 950°C is known to significantly
reduce the creep resistance in Co-base [59] and Ni-base [62] super-
alloys and can explain the overall higher creep rates at higher tem-
peratures. At 1000°C, the specimens exhibit a y’ fraction of about
58 %, which results from the different cast rod, as, described above,
leading to a smaller difference between the creep properties at 975
and 1000°C.
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However, also the time dependency of the deformation mech-
anisms is changing at the different temperatures, i.e. the double
minimum curve gets less distinct and is shifted to shorter times
at 975 and 1000°C, compared to 950°C. In the literature, it is sug-
gested that the directional coarsening of the y’ phase perpendicu-
lar to the applied load can work as a strengthening mechanism by
hampering the dislocation movement [18-23]. However, this can
only occur in the high temperature/low stress regime as long as
the deformation is predominantly located in the y phase. Addi-
tionally, the N-type rafting of the y’ phase seems to be respon-
sible for the double minimum in the creep tests of Co- and Ni-
base superalloys in the high-temperature regime under compres-
sive and tensile load, respectively [18,22,63]. When the vertical y
channels are closing due to the raft formation, the y’ rafts act as
considerable obstacles for the dislocation movement and higher
stresses and a longer pathway are required to overcome the pre-
cipitate phase, which results in a second decrease of the creep
rate. Additionally, interactions of stacking faults and twins in the
y' phase were reported in [22]. Therefore, interaction of disloca-
tions with SFs or twins on other glide planes cannot be excluded
as a hardening mechanism besides directional coarsening. Further-
more, slight differences in precipitate fractions and sizes can have
an influence on the mechanical properties and mechanisms. How-
ever, we assume that the cutting of the y’ phase by dislocations
at later stages of the creep tests is responsible for the softening of
the material.

The behavior described above was observed for ERBOCo-2Ta
at 950°C and 150 MPa and was also found at 975°C and 1000°C
and 150 MPa. Interestingly, in all tests, the first and second mini-
mum of the creep rates can be observed at similar plastic strains
of about 0.2 % and 0.75 %, respectively. However, this means that
the minima are reached at significantly shorter times at 975°C and
1000°C, since the overall creep rates are higher (see Fig. 3). The
rafted microstructures look nearly identical at the same strain but
different times, since the diffusion velocity is higher at the higher
temperatures and the raft formation is faster. That a certain strain
is needed to enable directional coarsening was already reported
earlier [64]. Even if the y /[y’ lattice misfit and thus the driving
force for rafting of ERBOCo-2Ta is smaller at higher temperatures
(see [18]), the directional coarsening is faster. This means that the
hardening effect due to closing vertical channels happens faster at
higher temperatures, as can be seen in the creep data in Fig. 3. Of
course, the softening due to intensive cutting and the faster coars-
ening of y’ also appears at shorter times. Maybe these findings
also explain why Tanaka et al. [16] did not find a double minimum
during tensile creep tests at comparable temperature and strain,
and instead only observed a sharp minimum followed by a plateau
in the creep rate. Of course, also the N-type raft formation of the
alloys in [16] might cause the difference in the deformation behav-
ior.

Additionally, the shift of shearing of y’ to shorter times is pro-
moted by the segregation of alloying elements to stacking faults in
y’. It is known that segregating elements around faults are a sig-
nificant factor in the formation and propagation of defects [31,32].
Segregation to stacking faults was confirmed in the ERBOCo-2Ta
sample creep-deformed to 1 % plastic strain at 975°C (Fig. 7) and
was also shown earlier in a sample crept to longer times at this
temperature (112 h, 2.6 %) [40]. It was quantified that the degree
of segregation is identical for Ta and W, whereas the depletion of
Al is more pronounced compared to Co (Fig. 7). DFT calculations,
as shown in Fig. 8, show that the stacking fault energy is reduced
by segregation of Ta and W to the fault, leading to an easier for-
mation and extension of the present superlattice stacking faults.

It is known that segregation can not only be found at SFs but
also at different types of dislocations [26,31,35,40,65]. Since it is
assumed that the deformation during the early stages of creep is
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located in the y matrix and dislocations are arranged at y/y’ in-
terfaces, the local reduction of the stacking fault energy can also
promote cutting since the necessary energy for a dislocation to cut
into y’ is then also reduced. This can be seen in Fig. 6 at the mi-
crographs after about 1 % plastic strain. While at 950°C, cutting is
not very prominent, the amount of stacking faults due to disloca-
tions shearing through y’ is increasing significantly at higher tem-
peratures. This shows, that the y’ precipitates are sheared after
much shorter times due to the faster segregation kinetics. There-
fore, the softening effect is shifted to shorter times at similar plas-
tic strain as the test temperature increases.

For the future development of Co-base superalloys, several de-
sign criteria can be formulated based on this study. Since the de-
formation is predominantly located in the y matrix in the early
creep stages, a low stacking fault energy of the matrix phase is
beneficial. A large dissociation distance of dislocations hampers
their recombination and therefore cross slip. However, a high su-
perlattice stacking fault energy is needed for the y’ phase to pre-
vent partial dislocations from cutting into the precipitates. If alloy-
ing elements are added that segregate to stacking faults and reduce
the stacking fault energy, they should be slow diffusers. Addition-
ally, a high positive y [y’ lattice misfit is beneficial during com-
pressive creep in the high temperature creep regime, since the di-
rectional coarsening perpendicular to the stress axis is an effective
strengthening mechanism.

5. Summary and conclusion

A systematic study of the creep properties of ERBOCo-2Ta in
the high-temperature regime revealed the time-dependent defor-
mation mechanisms during creep and their relation to diffusive ef-
fects. The following conclusions can be drawn:

- Two creep rate minima in the creep curve are visible at all tem-
peratures, indicating that similar deformation mechanisms are
active.

- Rafting is significantly faster at higher temperatures, leading to
a shift of the double creep rate minimum to shorter times,
while the plastic strains corresponding to the minima are
roughly identical.

- The softening due to cutting of y’ is also shifted to shorter test
times at higher temperatures, since the faster segregation to
dislocations and stacking faults facilitates y’ shearing.

- DFT calculations using a fully relaxed simulation supercell with
an SISF revealed different thermodynamic driving forces for the
segregation of Ta and W towards the SISFs. The calculated SISF
energy changes due to local segregation are in good agree-
ment with the experimentally determined elemental distribu-
tion around a SISF.
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