TOPICAL COLLECTION: PROCESSING AND APPLICATIONS OF SUPERALLOYS

Strain Rate-Dependent Anomalous Work Hardening
of a Single-Crystalline CoNi-Base Superalloy

J. VOPLHUTER, A. BEZOLD, N. KARPSTEIN, M. KOBRICH, E. SPIECKER,
M. GOKEN, and S. NEUMEIER

The deformation mechanisms operating in superalloys depend on different parameters such as
composition, temperature and deformation rate. So far, the transition from shearing by
APB-coupled dislocations to shearing under the formation of stacking faults has been studied
exclusively as a function of temperature but not as a function of the strain rate. Therefore,
interrupted compression tests with strain rates between 10 s~ and 10> s~ ! were performed on
the single-crystalline CoNi-base superalloy ERBOCo-4 at a temperature of 850 °C. The
evolution of the defect structures has been analyzed by conventional transmission electron
microscopy. A change of the deformation mechanism from APB-coupled dislocation shearing
to stacking fault shearing is found to depend on the strain rate. At lower strain rates, an
increased stacking fault density is associated with a higher yield strength and higher work
hardening rates at the early stages of plastic deformation due to a very high stacking fault
density. After approximately 2.0 pct plastic strain, the stress reaches a plateau and decreases
subsequently, which is associated with the formation and thickening of twins as shown by
high-resolution scanning transmission electron microscopy. At higher strain rates, the work
hardening rate is significantly lower in the early deformation stage. The role of segregation to
planar defects and the influence of local phase transformations (LPT) at SESFs is further
discussed in reference to the influence of the strain rate. The segregation of W as an 7 stabilizing
element is found to be crucial for the formation of a local phase transformation in ERBOCo-4.
At higher strain rates the phase transformation is hindered by insufficient W segregation,
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resulting in a higher twin density.
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I. INTRODUCTION

SINCE the discovery of the metastable L1,-ordered
Co3(Al,-W)-Phase in the Co—-Al-W system by Sato
et al in 2006, the promising properties of the novel
Co-base superalloys caught a lot of attention. In
comparison to Ni-base superalloys, the liquidus and
solidus temperature of Co-base superalloys are
higher™! and the as-cast condition shows less segrega-
tion.®! On the downside, ternary Co-Al-W alloys
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exhibit a low solvus temperature, low phase stability,
and poor oxidation resistance.” ¥ Due to further
developments of the alloy composition, the stability of
the two-phase 7/y” microstructure™>® and oxidation
resistancel” 'Y of Co-base superalloys has been
improved significantly. For the widening of the 7/’
region and an improved solvus temperature Nit®>'"! is an
essential element.

Co- and CoNi-base superalloys exhibit an interesting
change in the defect structure which arises during
constant strain rate experiments with increasing tem-
peratures. While deformation in the y matrix channels
and shearing of the y’-precipitates by anti-phase bound-
ary (APB)-coupled dislocation pairs are dominant at
lower temperatures,“z’ls] the dominant deformation
mechanism at higher temperatures dependent on the
alloy composition. Previous studies identified Ta as the
crucial element, since it leads to a transition from
shearing of y” precipitates by APB-coupled dislocations
to shearing under the formation of stacking faults
(SF)!*™ presumably because Ta reduces the stacking
fault energy (SFE).'® In contrast, the high temperature
deformation mechanism of Ta-free alloys is the bowing
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and bypassing of matrix dislocations, which is associ-
ated with a decreasing flow stress.[®!*1317] Systematic
studies by Bezold et al. on a complex CoNi-base
superalloy” and a Co-Ti-Cr superalloy!'® showed
that in both alloys the transition from APB- to shearing
under the formation of SFs results in an increase in
work hardening. The change in deformation mecha-
nisms was also associated with the diffusion lengths of
Co and Cr, highlighting the role of segregation toward
the planar defects.

The first indication of segregations to planar defects
was a found increased z-contrast at a superintrinsic
stacking fault (SISF).l"”! and a ]prove by EDS measure-
ments was published in 2015.”% Due to the enrichments
of segregating elements the energy of planar defects is
reduced.”!! Due to the enrichment of specific elements at
the planar faults the composition shifts towards an
energetically favorable phase like the y-, D054 - or D0y
x-phase. The y-type segregations lead to an enrichment
of Co and Cr and therefore a formation of a y-like
composition where at superextrinsic stacking faults
(SESF) Shockley partial dislocations can shear on
adjacent G?Ianes transforming the SESF into a micro
twin.??> ?° An increase of y-formers on the other hand
leads to a local phase transformation which hinders the
formation of twins and therefore exhibits superior
mechanical properties.?**”*! Even though the diffu-
sion of specific elements is the determining step regard-
ing segregation-assisted plasticity,?°*? the majority of
investigated samples has been crept at higher tempera-
tures and low strain rates which allows enough time for
diffusion-controlled processes to take place. To evaluate
the time depending step in the formation and propaga-
tion of stacking faults in superalloys, two different strain
rates are used here to study the evolution of the defect
structure at a temperature of 8§50 °C. Furthermore, the
importance of local phase transformations at SESFs is
discussed.

II. EXPERIMENTAL METHODS

The investigated single-crystalline CoNi-base super-
alloy named ERBOCo-4 (Co—32Ni—8Al-5.7W-2.8-
Ti-1.8Ta—6Cr—0.4Si-0.1Hf (at. pct))” was cast in a
laboratory-scale Bridgman furnace using a withdrawal
rate of 3 mm/min with an estimated temperature gradi-
ent of 5 K/mm. The misorientation was measured by
electron backscatter diffraction to be 4.3 deg from the
[001] orientation using a Nordlys2 detector from Oxford
instrument in a Zeiss Crossbeam 1540 EsB scanning
electron microscope (SEM). A heat treatment consisting
of homogenization at 1280 °C for 8 hours and a
two-step aging at 1050 °C for 5 and 9 hours at 900 °C
was carried out. The y” volume fraction and y’ preciP-
itate size have been determined in a previous study!'”
and amount to 71 & 2 pct and 437 + 92 nm, respec-
tively. The samples for the compression experiments
were produced by wire electrical discharge machining
with a diameter of 3 mm. Using a precision saw and
subsequent grinding with up to 2500 grid SiC paper, a
final height of 4.5 mm with plane-parallel faces with a
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tolerance of less than 10 um was adjusted. An Instron
4505 electromechanical universal testing machine was
used for the compression experiments with constant
strain rates of 107 s~ ' and 10°s™' at a constant
temperature of 850 °C. For the characterization of the
defect structures, interrupted compression experiments
between 0.2 and 14 pct plastic strain were carried out at
each strain rate. TEM foils were cut perpendicular to the
loading direction with a precision saw. Furthermore,
[110]-oriented TEM foils were cut perpendicular to the
dominant glide system which was detected using ECCI
in the same SEM mentioned above. For certain condi-
tions multiple TEM foils with different orientation were
analyzed. The extracted TEM foils were ground to a
thickness between 100 and 150 ym with up to 4000 SiC
grid paper. For electrolytic thinning, a solution consist-
ing of 16.7 pct nitric acid and 83.3 pct methanol was
used in a Struers Double Jet Tenupol-5 at — 25 °C and 40
to 45 V. The defect structure was studied using a Philips
CM200 for the conventional TEM (CTEM) investiga-
tions. High-resolution scanning transmission electron
microscopy (HRSTEM) was performed using a double
aberration-corrected Titan Themis® equipped with a
Super-X energy-dispersive X-ray spectroscopy (EDS)
detector at 300 keV. Integrated line scans of the
HRSTEM-EDS mappings were obtained with the soft-
ware Velox by Thermo Fisher Scientific. Center-of-sym-
metry (COS) analyses were carried out for a better
visualization using a Phython script analog to the
Matlab scripts by Kovaric and Messé.!'>**! To quantify
the defect structure, 115 and 53 planar defects were
analyzed on one TEM sample for the specimens with
plastic deformation of 2 and 4 pct, respectively. Ther-
modynamic calculations were performed with the
CALPHADP**! method, using the software Thermo-
Calc 21b with the TCNI10 database.l*

III. RESULTS

A. Compression Experiments

The obtained true stress—true plastic strain diagrams
for the two strain rates are shown in Figure 1(a), in
which a clear dependence on the strain rate can be seen.
Additionally, the work hardening rates for (a) are
plotted in Figure 1(b), which are verified by further
interrupted compression experiments. A lower strain
rate leads to an increased work hardening in the early
stages of plastic deformation which leads to a higher
flow stress. After 1 pct plastic deformation the greatest
difference in flow stress is present of approximately
100 MPa. At the same plastic deformation, the work
hardening rate of the higher strain rate increases
slightly, while the work hardening rate of the lower
strain rate decreases rapidly. The work hardening rate
becomes negative at 2 pct plastic deformation for the
lower strain rate which marks the peak in flow stress as
the flow stress decreases with further plastic deforma-
tion. Contrarily, the work hardening rate of the higher
strain rate remains positive for the remaining plastic
deformation of the compression test. To understand the
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Fig. 1—(a) True stress—true plastic strain diagram and (b) work hardening for the two strain rates of 10> s™! (blue) and 10° s~ (red) at

850 °C (Color figure online).

difference in the work hardening rates, the defect
structures at specific plastic strains are further analyzed.

B. Characterization of the Defect Structure

Figure 2(a) shows the true stress—true plastic strain
diagram of the interrupted specimens after a plastic
deformation of approximately 0.2 pct. Even though the
deviation of the different curves is marginal, the
resulting defect structures in Figures 2(b) through (e)
are clearly different from each other. The defect struc-
ture of the sample deformed with a strain rate of
102 s~! is dominated by y matrix dislocations and the
shearing of y” precipitates by APB-coupled dislocations,
which mainly form Kear—Wilsdorf locks (KWL)
(Figure 2(c)). The slower deformed sample (strain rate
10° s ") exhibits a defect structure dominated by
stacking faults as shown in Figure 2(e). Furthermore,
APB-coupled dislocations, which form KWLs in the
precipitates, are occasionally observed. For both
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conditions, the defect structure is highly inhomogeneous
and areas with no or minor plastic deformation are
present (see Figures 2(b) and (d)).

The true stress—true plastic strain diagrams of the
interrupted samples at 1 pct plastic deformation are
shown in Figure 3(a) and reveal a difference in the stress
of about 100 MPa. For the sample deformed with a
strain rate of 10> s™!, the defect mechanisms are
unaffected by the additional plastic deformation, but
the defect density increases significantly (Figure 3(b)).
The dominant deformation mechanisms are still dislo-
cation activity in the y matrix channels and the cutting
of 7" precipitates by APB-coupled dislocations. Occa-
sionally cutting under the formation of stacking faults is
observed. Additionally, Figure 3(c) shows glide bands of
mobile APB-coupled dislocations. However, such glide
bands are only infrequently observed across the defect
structure. The stacking fault density of the sample
deformed at lower strain rate of 10> s~ ! to 1 pet plastic
strain increases extremely in comparison to the sample

Fig. 2—Defect structures after 0.2 pct plastic deformation. (a) True tress—true plastic strain curves for different strain rates. Corresponding
defect structure at a strain rate of (b, ¢) 10> s and (d, ¢) 10° s~'. BF images were taken in two-beam conditions close to the [001] zone axis.
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deformed to 0.2 pct (Figures 3(d) and (¢)). In general,
the homogeneity of plastic deformation increases at a
plastic strain of 1 pct, although occasionally shear bands
are observed as shown in Figure 3(e). The stacking
faults are mainly edge-on, which indicates that two glide
systems are dominant (Figure 3(e)). Due to the increas-
ing stacking fault density, the number of interactions
between stacking faults also increases strongly. The
presence of twins is indicated by the appearance of
additional spots on the diffraction pattern, as shown in
Figure 3(e).

After 2 pct plastic strain, the difference of the
maximum stress decreases, which is shown in the
stress—strain diagram in Figure 4(a). The stacking fault
density of the samples deformed at the higher strain rate
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increases which is shown in Figures 4(b) and (c), while
APB-coupled dislocations, which form KWLs in the
precipitates, are still present in great number. The newly
formed stacking faults extend on average over one or
two precipitates, with stacking faults located on all four
octahedral planes (Figure 4(c)). The already high stack-
ing fault density of the sample deformed with the lower
strain rate of 10> s™! increases further after the addi-

tional plastic deformation (Figure 4(d)). An additional
spot in the diffraction pattern indicates the presence of
twins, as shown in Figure 3(d). Figure 4(e) shows the
existence and formation of extensive glide bands with an
extreme planar fault density.

After deformation of 4 pct, the stress in the sample
deformed with a strain rate of 10> s~

" is higher than

Fig. 3—Defect structures after 1 pct plastic deformation. ga) True tress—true plastic strain curves for different strain rates. Corresponding defect

structure at a strain rate of (b, ¢) 10> s and (d, ¢) 10~

s~'. A shear band of APB-coupled dislocations is marked with a green arrow in (c).

Presence of twins is shown by the inset of the diffraction pattern showing additional twinning spots in (e). All BF images were taken in
two-beam conditions close to the [001] zone axis, except for (e) which was taken close to the [101] zone axis (Color figure online).
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Fig. 4—Defect structures after 2 pct plastic deformation. (a) True tress—true plastic strain curves for different strain rates. Corresponding defect
structure at a strain rate of (b, ¢) 10°s7! and (d, ¢) 10° s~ (d) Presence of twins is shown by the inset of the diffraction pattern showing
additional twinning spots. (e) The presence of shear bands are revealed by ECCI-contrast and marked with a red arrow. TEM-images of a shear
band shows the extreme high stacking fault density. All BF images were taken in two-beam conditions close to the [101] zone axis, except for (b)

which was taken close to the [001] zone axis (Color figure online).
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Fig. 5—Defect structures after 4 pct plastic deformation. (a) True tress—true plastic strain curves for different strain rates. Corresponding defect
structure at a strain rate of (b, ¢) 10°s7! and (d, ¢) 10° s~'. (d) Presence of twins is shown by the inset of the diffraction pattern showing
additional twinning spots. All BF images were taken in two-beam conditions close to the [110] zone axis.

that one of the sample tested with a strain rate of
10 s~! as shown in Figure 5(a). APB-coupled disloca-
tions are observed in the y” precipitates which can be
seen in Figure 5(b). The stacking fault density increases
while the APB-density decreases in comparison with the
previously presented conditions tested at a strain rate of
102 s~'. Figure 5(c) shows the dominance of one glide
system. The defect structure of the sample deformed
with a strain rate of 10 s~' shows only slight devia-
tions from the previously presented condition at 2 pct
plastic deformation. Clear additional spots, caused by
the formation and thickening of twins, are present in the
diffraction pattern as shown by the inset in Figure 5(d).
The localization of plastic deformation in glide bands is
shown in Figure 5(d).

C. Atomic-Scale Characterization of the Planar Faults

For a better understanding of the observed defect
structures, the samples deformed at a strain rate of
107 s~ to a plastic strain level of 2 and 4 pct are further

analyzed by HRSTEM in [110] direction. The defect
structure of the sample after a plastic strain of 2 pct
consists mainly of SISFs, SESFs and micro-twins.
Interestingly, the predominantly occurring twin config-
uration is a three-layered twin. This configuration has
also been observed previously in a Ni-base superal-
loy.B” Figure 6(a) shows a HAADF image and the
corresponding COS image of two three-layered twins. A
transition from a single-layer SISF to the three-layered
twin is observable, which converts into a two-layer
SESF (Figure 6(b)). Additionally, a grid-like pattern
appears at a majority of the SESF which is an indication
of a local 5 phase transformation.””®! Figure 6(c) shows
an SESF with local n phase transformation where the
grid-like pattern is indicated in the inset. Even though
the grid-like pattern does not appear continuously along
the SESFs, a regular re-appearing is observed. Addi-
tionally, a local phase transformation is also present in a
sample deformed at the same strain rate of 10° s~ ! at
the same temperature to a plastic deformation of 1 pct
(Figure 6(d)).

Fig. 6—Defect structure after 2 pct plastic strain at a strain rate of 10° s~ and a temperature of 850 °C: (¢) HRSTEM image and

corresponding COS-image of the transition of a SISF into a three-layered twin. (b)) HRSTEM image and corresponding COS-image of the
transition of a three-layered twin into an SESF. (¢) Local n phase transformation as characterized by a grid-like pattern as shown in the inset by
the red circles although it is not continuous as indicated by the blue box. (d) Local 5 phase transformation after plastic deformation of 1 pct at a
strain rate of 10> s~'. The stacking sequent is indicated by the orange lines across the planar defects (Color figure online).
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Fig. 7—Defect structure after 4 pct plastic deformation at a strain rate of 10~

557 (a, b) HRSTEM image and corresponding COS-image a twin

with 16 layers and an L-Type interaction of an SISF and an SESF. (¢) Two defect interactions between an SESF and an SISF, three-layered
twin and an SISF which is shown magnified in the green inset. Formation of a local phase transformation is highlighted in the orange inset

(Color figure online).
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Fig. 8—(a) Share of SISFs, SESFs, and microtwins and (b) distribution of the layer number of the microtwins for both conditions. Note that the

graph in (b) is normalized to the highest occurring number of layers.

The HRSTEM investigations of the 4 pct deformed
sample at a strain rate of 107> s~' reveal an increased
twin thickness. Figures 7(a) and (b) shows a twin with
16 layers in addition to an L-type interaction of an
SESF and a SISF with a reduced z-contrast at the
interaction. Furthermore, at the SESFs a local phase
transformation is observable and highlighted in
Figure 7(c). Additionally, several different interactions
of planar defects are shown in the same image. Inter-
estingly, only the same SISF is sheared by two SESFs
with only one interaction showing a reduced z-contrast.
The interaction of a SISF and a three-layered twin
shows a clearly reduced z-contrast. The SISF exhibits a
displacement of 6 atomic layers, which is likely due to
the interaction with the three-layered twin.

A detailed HRSTEM quantification of the defect
structure is presented in Figure 8§ for the conditions
deformed at a strain rate of 10°s™' up to a plastic
strain of 2 and 4 pct. The fractions of SESFs and SISFs
change significantly with further plastic deformation,
while the fraction of twins stays constant. Figure 8(b)
shows the distribution of the number of layers of the
analyzed twins. At a plastic strain of 2 pct, the average
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twin size is approximately 5 layers with a significant
fraction of three-layered twins. Further plastic defor-
mation increases the average twin size to 10 layers.
Individual twins expand significantly and display a high
number of layers as other twins do not thicken at all.
Interestingly, the share of SISFs rises to 58.5 pct as the
percentage of SESFs drops to 26.4 pct whereas after 2
pet plastic deformation the fraction of SESFs amounts
to 65.8 pct and the fraction of SISFs to 20.5 pct.
Additional STEM-EDS measurements were con-
ducted on planar defects of the 4 pct deformed sample
to further analyze the role of segregation towards the
planar defects. The measured chemical compositions of
the y” phase and the investigated planar defects are listed
in Table I. Figure 9(a) shows the investigated twin and
SESF, where the enlarged area from the measuring
range shows the grid-like pattern of a local n phase
transformation. The twin boundaries display an asym-
metrical segregation profile, which has already been
observed for thicker twins.*®! While the overall segre-
gation tendencies for both twin boundaries are similar,
specific elements show slightly different segregation
magnitudes. The magnitude of depletion or enrichment
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Table I. Measured Composition of the Analyzed Planar Defects and the Surrounding y’-Phase in At. Pct

Co Ni \%% Ti Ta Cr
7" Phase 38.6 + 0.4 38.1 +£ 0.4 8.1 £ 0.1 5.1 £0.1 4.1 £ 0.1 23+0.1 3.6 +0.1
TBI1 41.8 £ 0.0 347+ 04 7.0 +£0.2 5.6 0.2 4.1 £ 0.1 2.6 £0.1 42 +£0.1
TB2 417 +£0.3 35.0 £ 0.3 7.1 +£0.2 5.5+ 0.1 3.7+ 0.1 2.3+ 0.1 47 +£0.1
SESF 43.0 £0.2 33.0+04 6.3+02 6.7 £ 0.1 43402 28 4+0.2 4.1 +£0.1
Three-Layered Twin 44.6 +£ 0.3 31.6 £ 0.3 6.0 + 0.1 72402 4.0 + 0.1 2.1+0.1 4.6 +£0.1

Hf and Si are not included as their concentration is too low for EDS measurements. The concentration of the planar defects was determined by

averaging along the planar fault and then take the peak value.
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Fig. 9—(a) EDS analysis of a twin and an SESF with local phase transformation after a plastic deformation of 4 pct at a strain rate of 10> s~ ',
(b) Vertically integrated EDS line profile from the region marked in (a) along the direction of the arrow.

of Co, Ni, Al, and Ti is similar for both twin boundaries,
with Cr enriched throughout the microtwin but more
strongly segregating toward TB2. In contrast, W segre-
gates more strongly toward TB1. Ta also shows a slight
enrichment in TBI1, although this peak is not distinct
enough to be interpreted as a clear segregation. The
magnitude of segregation is significantly higher for the
SESF in Companson to the twin boundaries in accor-
dance with previous results.'***) The W and Co
concentration increases significantly at the SESF. Addi-
tionally, Ta is also segregating towards the planar fault,
while Al and Ni are depleted.

Since three-layered twins occur quite frequently, the
segregation profile of such a defect has been analyzed
for the first time to the authors’ knowledge. The area of
the vertical integration profile and the chemical compo-
sition throughout the planar defect is shown in
Figures 10(a) and (b) respectively. The segregation
tendency is consistent with the previously presented
segregation behavior of the twin boundaries and SESF,
while the magnitude of segregation is significantly
higher. W, Cr, and Co segregate strongly towards the
planar defect while Al and Ni are depleted. Ta and Ti
show no segregation tendency over the planar defect.
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IV. DISCUSSION

The detailed CTEM investigations conducted on
samples deformed with different strain rates at a
constant temperature revealed that the transition from
cutting the precipitates by APB-coupled dislocations to
shearing under the formation of stacking faults is not
only observed with increasing temperature as known
from literature!’*'®! but also with decreasing strain rate.

In the following the influence of the strain rate on the
formation of a local n phase transformation and the
effects on the mechanical properties are discussed. The
occurrence of the different planar faults in dependence
on the plastic strain is debated. Finally, the evolution of
the defect structure is analyzed and associated with the
mechanical behavior.

A. Influence of Local Phase Transformation

As mentioned before, a grid-like pattern was observed
at the SESFs investigated in this study which was
highlighted in Figures 6 and 7, 1ndlcatm% a local n phase
transformation along these faults.?***! However, this
local phase transformation does not occur continuously
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Fig. 10—EDX: (a) Three-layered twin observed in a specimen after a plastic deformation of 4 pct at a strain rate of 107> s~'. (b) Vertically
integrated EDS line profile from the region marked in (a) along the direction of the arrow.

along the entire length of the SESF. In a previous
study,!"¥ in which the same superalloy ERBOCo-4 was
analyzed after 1 pct plastic deformation at a strain rate
of 10*s™" and the same temperature of 850 °C, no
grid-like pattern was observed at the SESFs, with the
superlattice contrast being well visible in both samples.
Heavy elements such as Ta and W stabilize the D0,y
crystal structure with order preferences toward the
Wyckoff 2a atomic positions, resulting in the grid-like
pattern due to the increased z-contrast.”*! Conse-
quently, the occurrence of such a lattice-like pattern in
combination with an enrichment of g-stabilizing ele-
ments is indicative of a local phase transformation. For
both SESFs, the composition across the planar fault has
been determined and the difference in comparison with
the initial composition of the y” phase is shown in
Table II. As mentioned above, especially the concentra-
tion of the refractory metals W and Ta are important as
they strongly stabilize the 1 phase in CoNi-base super-
alloys.””) The SESF from this study which shows an z
phase transformation has a significantly increase of the
W content of 1.6 at. pct compared to 0.6 pct at the SESF
without a local 5 phase transformation in respect to the
W content of the surrounding j’-phase. Due to the
significantly stronger enrichment of # stabilizing ele-
ments and the present grid-like pattern, it becomes

evident that a partially local phase transformation is
present in the investigated sample, which was deformed
with a strain rate of 10° s~ !, whereas the faster
deformed sample does not show a pronounced local
phase transformation. This raises the question of why
the phase transformation does not occur at strain rates
of 10* s7" and only partially at strain rates of 10> s~

The composition of both specimens of the same
superalloy ERBOCo-4 that come from two different
castings shows only a slight deviation (see Table II) in
the Ta and W content which both stabilize the # phase in
CoNi-base superalloys according to Smith et al.?” To
exclude the influence of the composition on the forma-
tion of a LPT, thermodynamic calculations were per-
formed after Feng er al.*® The calculations of the free
Gibbs energy resulted in equal energies for the phases
D04, L1, and hep. Therefore, in this specific case, the
influence of the composition on whether a phase
transformation occurs can be excluded as a decisive
factor. Even though no detailed study on the
microstructure of the samyle that was deformed to 1
pct at a strain rate of 10 ° s~' was performed, a LPT
was observed at all SESFs. Therefore, the plastic strain
is also not the deciding factor for the formation of LPTs,
which leaves the different strain rates as the remaining
factor. The diffusion of W has already been identified as

Table II. Measured Composition of the y’-Phase and the Change in the Composition of the Analyzed SESFs Relative to the y’
Phase in ERBOCo-4 from This Work and Bezold et al.!"’!
Co Ni Al W Ti Ta Cr
7" Phase 38.4 38.4 8.07 5.1 4.2 2.3 3.6
A SESF with LPT + 4.6 —-53 — 1.8 + 1.6 + 0.2 + 04 + 0.5
7" Phasel'! 38.7 37.6 7.4 4.4 44 3.2 3.4
A SESF Without LPT!"! + 39 — 41 - 16 + 0.6 +02 +02 +0.8

Values in at. pct.
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the rate-determining step for the segregation-assisted
propagation of the leading partials of SISFs and
SESFs.’%3!l The strong segregation of W towards the
SESF with a local 5 phase transformation suggests that
W plays a key role in the formation of this phase
transformation, which is in accordance with DFT
calculations by Smith er al.*” This suggests that due
to the slow diffusivity of W, a local 5 phase transfor-
mation at SESFs is impeded if the required W segrega-
tion cannot be achieved in the short experiment time.
The discontinuous formation of the n phase at SESFs is
also the result of insufficient diffusion of 5 stabilizing
elements towards the planar defect. However, this can
also be influenced by local concentration fluctuations. In
contrast, lower strain rates and thus longer times for
diffusion enable accumulation of a higher concentration
of W and therefore promote the formation of a local 5
phase transformation at planar faults. Accordingly, the
majority of SESFs display LPTs at lower strain rates.
SESFs, which show no LPT, however, can transform
into twins which then expand further. The asymmetric
segregation profile indicates the preferred shearing of
twinning partial dislocation on one side of the twin,
which is indicated by higher concentrations of Co and
Cr at one twin boundary. The concentration of Co and
Cr increases through the shearing of a twinning partial
dislocation, which lowers the energy barrier for further
shearing at this twin boundary. The preferred shearing
of partial dislocations at one twin boundary seems to be
a self-reinforcing effect. At higher strain rates the
insufficient formation of LPTs at SESFs does not raise
the energy barrier high enough to prevent Shockley
partial dislocations to convert the SEFS into a micro-
twin which leads to a higher twin density.

B. Quantification of Planar Defects

The distribution of SESFs and SISFs changes signif-
icantly as a function of plastic strain. The increasing
number of SISFs is unexpected, as SESFs should be the
dominant planar defect for compression experiments of
[001] oriented samples.*'*?) The HRSTEM analysis
showed especially in the later deformation progress
many defect interactions, which include many cross-slip
events with SISFs involved. One possible reason for the
high number of observed SISFs are the complex
interactions of numerous planar defects and the cross
slipping of SISFs as described by Lu et al**! Even
though not directly observed, the nucleation of stacking
faults from twin boundaries as described by Freund
et al®® could further impact the defect structure.

The share of twins stays approximately equal from
plastic deformation of 2 to 4 pct. The reason for this
could be an overall increasing defect density, where the
number of twins grows at the expense of the number of
SESFs. This is underlined through the steady percentage
of twins shown in Figure 8(a). However, no significant
increase in defect density was observed in the CTEM
investigations due to the increase in plastic deformation.
Additionally, the number of layers in the existing twins
increases significantly with further plastic deformation
(Figure 8(b)) which leads to a softening of the material
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due to the high contribution of twins to the plastic
deformation. The unusual high number of SISF of over
60 pct for a [001] oriented sample deformed under
compression is yet not fully understood. This could be a
result of multiple stacking fault interactions which lead
to cross-slip events like described by Lu er al.** For a
better understanding of the defect structure at higher
plastic strains more HRSTEM investigations are neces-
sary. A similar defect structure has also been observed
after creep experiments for the same superalloy, where a
low number of twins exhibits large numbers of layers.[**!

The regular appearance of three-layered twins in the 2
and 4 5pct deformed samples at 850 °C and a strain rate
of 10> s is not fully understood yet. The magnitude of
segregation of the three-layered twin exceeds both the
twin boundaries and the SESF suggesting a high energy
fault. For SISFs, SESFs and twin boundaries local
phase transformations are known.[?!:2428:31.38.45.46] Tpe
high magnitude of segregation and the high z-contrast
could be an indication of a local phase transformation at
the three-layered twins as well. Nevertheless, the for-
mation of these planar defects is still unknown and
requires more investigation on this topic.

C. Evolution of the Defect Structure

A schematic drawing of the evolution of the defect
structure as a function of strain rate and plastic strain is
shown in Figure 11. The defect structure at the initial

£=10"s"

increasing plastic strain

v

Fig. 11—Schematic showing the defect evolution with increasing
plastic strain at different strain rates. The schematic defect structures
represent: (1) APB-coupled dislocation pair, cross slipped on (100)
plane; (2) Stacking fault; (3) mobile APB-coupled dislocation pair;
(4) Matrix dislocations; (5) Microtwin. Note that the defect structure
is projected of the [001]-direction.
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yielding stage consists of mainly sessile APB-coupled
dislocation pairs for the faster deformed and stacking
faults for the slower deformed sample. This crucial
difference in the defect structure highlights the strain rate
as a major factor on the transition of the deformation
mechanisms. The general absence of stacking faults in the
early stages of deformation of the samples deformed with
the higher strain rate of 10> s~ ' suggests that not only the
propagation but also the formation of stacking faults is a
diffusion-controlled process. Since diffusion processes are
required for the formation and propagation of stacking
faults, the deformation for the faster deformed sample in
the initial stage of yielding is based on the athermal
cutting of APB-coupled dislocation pairs and the Orowan
process. Other deformation mechanism, such as the
shearing of a single superpartial dislocation that generates
an APB in its path, are observed only at higher temper-
atures due to their high fault energy.!"®! Only when the
strain rate is lowered or the plastic deformation pro-
gresses, i.e., more time for diffusion processes is available,
these segregation-assisted mechanisms start to occur.
Later in the deformation process, as the shearing under
the formation of stacking faults is the dominant defor-
mation mechanism, the propagation velocity of stacking
faults is an important factor for the amount of plastic
deformation that they can contribute to the overall plastic
deformation. The segregation towards the stacking faults
is here the rate depending step for the propagation, but
also for the shearing of other stacking faults. Atomistic
phase field simulations by Lilenstein er al*®! show a
significant influence of the defect velocity on the segrega-
tion profile, which was later experimentally verified by
Wu et al.*" Atlower strain rates, due to increased time for
diffusion, the transition to shearing under the formation
of stacking faults is promoted. Additionally, further
plastic deformation leads also to an increased stacking
fault density and thus, large work hardening rates at the
early stages of plastic deformation. Later in the defor-
mation process, the work hardening rate decreases and
shifts to negative values. Due to the low strain rate, the
time for diffusion is two orders of magnitude higher for
the samples deformed with a strain rate of 107> s '
Hence, the diffusion-controlled cutting of y” precipitates
under the formation of stacking faults is already the
dominant deformation mechanism at a plastic strain of
0.2 pct. The occurring anomalous work hardening behav-
ior has already been linked to stackin% fault shearing and
the interaction of stacking faults.!'*'®T Due to the increas-
ing stacking fault density with further plastic deforma-
tion, the interaction of stacking faults rises, and obstacles
for further propagation, which requires additional segre-
gation towards the interaction, are created.’**>*¥] At the
higher strain rate, the dominant cutting mechanism
remains shearing by APB-coupled dislocations, where
shear bands of mobile APB-coupled dislocations are
present. These shear bands were only observed in the
sample deformed to a plastic strain of 1 pct, which does
not rule out their existence in the other conditions
deformed at the higher strain rate. With further plastic
deformation, more time for diffusion is available which
enables the segregation-assisted nucleation of stacking
faults. The influence of not only the temperature,'*) but
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also the time has been shown in this study as an important
factor for the transition towards shearing under the
formation of stacking faults. This is evident in the
increasing stacking fault density and a transition in the
deformation mechanism after a plastic deformation of 2
pct at the higher strain rate. Due to the formation and
thickening of twins, which is in detail discussed in
Section IV-B, the work hardening of the samples
deformed with the slower strain rate is stagnating and
finally, the material softens. The reduced energy barrier
for Shockley partial dislocations to shear the 7" precipi-
tates at ad7jacent lanes is the main reason for the reduced
strength.> 2429311 While the thickening of twins at the
sample deformed with the lower strain rate leads to
negative work hardening rates, the increasing stacking
fault density leads to higher work hardening rates for the
higher strain rate.

V. SUMMARY AND CONCLUSION

The deformation behavior of the single-crystal CoN-
i-base superalloy ERBOCo-4 (Co—32Ni-8Al-5.7W-2.8-
Ti—1.8Ta—6Cr—0.4Si—0.1Hf) deformed at 850 °C at
varying strain rates and plastic strains has been inves-
tigated by conventional, high-resolution and analytical
(SYTEM. The following conclusions can be drawn:

e A strain rate dependent transition from cutting of
the 7" precipitates by APB-coupled dislocation pairs
to shearing under the formation of stacking faults is
found.

e Stacking fault shearing leads to higher work hard-
ening rates in the early stages of plastic deformation.
Formation and thickening of twins lead to a peak of
strength at about 2 pct plastic strain and subsequent
softening.

e Local n phase transformation of the SESFs prevents
the majority of the faults from transforming into
microtwins.

e Segregation of slowly diffusing 5 stabilizing elements
such as W seems to be the rate-determining step in
the formation of local phase transformations.
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