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TOPICAL COLLECTION: PROCESSING AND APPLICATIONS OF SUPERALLOYS

Deformation Mechanisms Rationalisation to Design
for Creep Resistance in Polycrystalline Ni-Based
Superalloys

D. BARBA, A. EGAN, S. UTADA, Y. GONG, Y.T. TANG, V. MAZANOVA,
M.J. MILLS, and R.C. REED

Creep strength in polycrystalline Ni-based superalloys is influenced by the formation of a rich
variety of planar faults forming within the strengthening c0 phase. The lengthening and
thickening rate of these faults – and therefore the creep rate – depends on an intriguing
combination of dislocation interactions at the c-c0 interface and diffusional processes of the
alloying elements at the core of the fault tip. The effect of alloy composition on this process is
not fully understood. In this work we use correlative high resolution transmission electron
microscopy and energy-dispersive X-ray spectroscopy to study the deformation faults in two
different Ni-based superalloys with carefully designed ratios of disordering-to-ordering-pro-
moting elements (Co-Cr against Nb-Ta-Ti). The results show that the additions of order-
ing-promoting elements reduce the diffusional processes required for the faults to lengthen and
thicken thus reducing the creep rates found for the higher Nb-Ta-Ti alloy. These insights
provide a path to follow in the design of improved grades of creep-resistant polycrystalline
alloys beyond 700 �C.

https://doi.org/10.1007/s11661-022-06922-9
� The Author(s) 2023

I. INTRODUCTION

THE mid-temperature creep strength of Ni-based
superalloys has been recently found to be influenced by
segregation processes associated with shearing of the c0

phase by planar faults.[1–9] This is specifically the case
for polycrystalline grade superalloys in which this
temperature region is within their critical in-service
regime.[10,11] The segregation of c stabiliser elements
while the complex fault is growing within the c0 has been
found to enhance their lengthening rate. This is due to

the fact that these elements greatly reduce the energy
associated with the fault by stabilising a locally disor-
dered structure.[12–18] Some alloys seem to be more
prone to segregation-assisted fault formation than
others, presenting in some cases extensive deformation
twins thickened from embryonic complex extrinsic
stacking faults (CESF). In that case the creep perfor-
mance of the alloy deteriorates abruptly.[19–21] The
underlying reasons by which some alloys are more
sensitive than others to this weakening mechanism is still
controversial.
More recently, some authors have found a corollary

to this segregation effect.[2,4,5,22,23] They found that
segregation of non-c stabiliser elements like Ti, Nb, or
Ta can produce a completely different effect on the creep
performance.[2,5,7,23,24] The creep life of these alloys were
found to be superior to the ones in which Co-Cr
segregated faults are found. The rationalisation behind
this is the formation of other phases like g or v which
presumably present slower formation kinetics. Some
authors have used atomistic simulations to rationalise
the effect of these chemical variations along the faults on
the stacking fault energies and therefore shearing
resistance of the alloys[25,26] However, the effect of the
alloy composition on governing the type of segregation
is still not fully understood and further experimental
observations are needed. In this regard further system-
atic experimentation is needed to understand the
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chemistry dependence of the fault extension kinetics and
ultimately how this affects the creep performance of the
macroscopic material. Consequently, new nano- and
micro-mechanical interpretations need to be advanced,
for scientific benefit and technological effect.

This is the focus of this work: understanding the
underlying mechanisms behind the effect of alloy chem-
istry on the creep performance of Ni-based superalloys
from a deformation mechanistic point of view. To this
purpose, two different Ni-superalloy systems with dif-
ferent ratios of Co-Cr to Nb-Ti-Ta have been selected.
First, results on the creep performance of both alloys are
introduced. Then, the different deformation mechanisms
activated for the two alloys are studied by means of
atomic resolution transmission microscopy and related
to their creep performance. Third, the segregation
phenomenon associated with the deformation mecha-
nisms is studied by means of atomic resolution
energy-dispersive X-ray (EDX) composition analysis.
Finally, the insights are introduced in a diffusion-based
mathematical modelling of fault formation in Ni-based
superalloys which provides a complete understanding of
the link between alloy composition ! deformation
mechanism ! creep performance.

II. EXPERIMENTAL METHODS

A. Materials

Two different polycrystalline Ni-based superalloys
were studied. These were produced using industry-stan-
dard powder processing methods, following Hisazawa
et al.[27] Their compositions are presented in Table I.
These compositions are selected to carefully study the
effect of disorder promoting elements like Co+Cr
(stabilisers of disordered phase c) and order promoting
elements like Nb+Ta+Ti (stabilisers of ordered phases
like c, g or v). This shift in chemistry can be observed in
Figure 1 where the amount of Co-Cr against Nb-Ta-Ti
is compared for the nominal alloy composition and
specifically for the c0-phase (predicted from Thermocalc
calculations using TTNI8 database). As indicated, for
both the nominal and the c0 composition Alloy A has a
higher amount of disorder promoting elements and
lower levels of ordering elements, in contrary to Alloy B.
This difference is more acute for the c0-phase composi-
tion than for the nominal alloy composition. Focus is
put on the c0 composition as it controls the growth rate
of the faults.[1]

In order to focus on the effect of alloy composition on
creep performance and reduce the influence of other
variables, the microstructures of the two alloys were
homogenised to approximately the same grain size and
c0 distribution. For this purpose the alloys were solution
treated at 1210 �C for 2 hours, followed by ageing for 2
hours at 830 �C. The grain size andc0 size distributions
were measured using scanning electron microscopy
(SEM) imaging in combination with image analysis.
The image analysis was performed using an in-house
software suite for microstructural analysis. To address

the homogeneity of the microstructure, the analysis of
each microstructural feature was extended to a total of 5
different images from regions of each alloy. For the
measurement of the c0 fractions two different magnifi-
cations were used: lower magnification (910,000) to
extract the secondary c0 distribution and higher magni-
fication to extract the tertiary c0 fraction (940,000). The
number of particles analysed in each image ranges
between 668 and 913 for secondary gamma prime. For
measuring the grain size distribution a magnification of
9270 was used. The number of grains analysed for each
image ranges from 86 to 123 grains for each image. The
results are presented in Figure 2. The average grain size,
secondary and tertiary c0 size are presented in Table II
along with the deviation between the different regions
analysed. The results show similar grain size distribution
with less than 10 pct deviation in the mean grain size.
Similar results are observed for the secondary and
tertiary c0 sizes. These results assure the simplification of
the problem as the microstructural influence on creep
performance and operative deformation mechanisms is
eliminated, leaving alloy composition to play a role.

B. Creep Testing

Cylindrical compression creep test pieces were
extracted from heat treated alloy bars with a diameter
and height of 5 mm using electrical discharge machining
(EDM). Monotonic creep compression tests were per-
formed at 760 �C under an applied compressive load of
552MPa, consistent with typical service conditions for
these alloys.[19,28] Testing was conducted in an Instron
servohydraulic testing machine equipped with furnace
heating allowing digital image correlation (DIC) for
non-contact strain measurement, as shown in
Figure 3-(1). Creep tests were stopped at 22.5 hours to
study the operative deformation mechanisms at that
time.

C. STEM-EDX Analysis

Post-mortem examination prior to scanning transmis-
sion electron microscopy (STEM) and elec-
tron-backscattered (EBSD) analysis was carried out in
order to identify suitable and consistent deformation
grains between the two alloys to focus the TEM
analysis. An overview of the combined TEM and EBSD
analysis is presented in Figure 3-(2–4). The samples were
prepared by grinding and polishing finished with col-
loidal silica. For both alloys, grains oriented along the
h001i axis along the compression direction of the
specimen were selected. This preliminary study was
performed using a JEOL 6500F field emission gun
scanning electron microscope (FEG-SEM) using an
accelerating voltage of 10 kV and probe current of
300 pA. STEM samples were extracted from these grains
normal to h011i crystal orientation using an FEI Helios
Nanolab Dualbeam 600 focused ion beam (FIB), see
Figure 3-(3). This assures planar faults are viewed
edge-on using high angle annular dark field (HAADF)
zone axis imaging. Samples were thinned at 5 kV and
then further cleaned using a Fischione Nanomill.
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Energy-dispersive X-ray analysis (EDX) and STEM of
the samples was performed on an probe-corrected
Themis Z at 200kV with a Super-X detector utilizing
the Thermofisher Velox software. Integrated line scans
were conducted and quantified through Cliff-Lorimer
analysis[29] using experimental Ka energies for Ni, Co,
Al, Cr and Ti. La was used for the case of Mo. The Cu
specimen holder signal was avoided using the Ma lines
for Ta and W since the La Ta and W peaks corre-
sponded too closely to a Cu peak to be accurately
considered. Deconvolution for the W and Ta Ma peaks,
as well as background subtraction, was used to reduce
the influence of Bremsstrahlung. With the purpose of
comparing the role of microtwinning mechanism in both
alloys, an estimation of the twin population has been
performed. This analysis has been performed for each
alloy in two different regions of the TEM sample to
avoid localness. Two quantities has been estimated; the
total length of twins per unit area and the average twin
thickness. This last quantity has been estimated in
high-magnification TEM micrographs (9100k) by mea-
suring the thickness of 15 different twin bands in Alloy
A and 12 twin bands in Alloy B.

III. RESULTS

The creep strain curves for both alloys are presented
in Figure 4. Summary results extracted from these
curves are shown in Figure 5. For both alloys, primary
and secondary creep stages can be identified. Alloy B
presents a better creep performance than Alloy A. The
steady-state creep rate of Alloy B is 20 pct lower than
the one observed for Alloy A. Similar results are
extracted in terms of the creep strain experienced by
both alloys at the end of the 22.5h interrupted test (41
pct lower for Alloy B than for alloy A) and for the time
required to reach 1 pct of creep strain (almost five more
times for Alloy B than for Alloy A).
In order to rationalise the creep performance of both

alloys, the operative deformation mechanisms were
studied using STEM analysis of samples extracted from
the interrupted test samples. The STEM micrographs
for both alloys are presented in Figure 6 including
overall images of the microstructure and more magnified
micrographs for detailed analysis of the operative
mechanism. For both alloys, complex dislocation struc-
tures can be found specifically concentrated at the
c-channels. The concentration of these dislocation
bundles seems higher for Alloy B, even when the final
creep strain is lower. This is likely to be caused by a
superior c0 penetration resistance for dislocations when
compared to Alloy A. Another major difference between
the deformation structures is that the microstructure of
Alloy A is densely populated by extensive faults.
Further examination identified them as microtwins and
extrinsic and intrinsic stacking faults – either complex
(CESF/CISF) or superlattice (SESF-SISF). These faults
extend through both c and c0 phases. In contrast, the
microstructure of Alloy B presents mostly faults of an

Table I. Compositions of the Two Ni-Based Superalloys

Under Study

Composition (at. pct) Cr Co W Al Ti Ta Nb

Alloy A 18.7 18.3 0.9 8.0 3.6 0.6 0.4
Alloy B 16.0 14.0 1.0 7.0 3.5 1.0 1.0

Fig. 1—Top: Nominal amount of at. pct Co+Cr and Ta+Ti+Nb of both alloys; Bottom: Co+Cr and Ta+Ti+Nb atomic percentage
estimated for the c0 phase. Prediction computed from Thermocalc simulation using TTNI8 database.
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isolated nature (later identified as SESFs/CESFs).
Although a reduced number microtwins were observed
when high-magnification was reached, the amount and
thickness of them is significantly lower than for Alloy
A.To confirm this point, quantitative estimations of the
total twin length per unit area and average twin
thickness has been performed. The results are presented
in Table III. The following stats outcome by observing
the ratios of the measured quantities between Alloy A
and Alloy B: the total length of twins is 2.8 longer in
Alloy A than in Alloy B (twins are more extensive in
Alloy A) and the twins are in average 4.1 times thicker in
Alloy A than in Alloy B.

Based on these observations, a clear change of
mechanism is prevalent: a transition from mature and
extensive thick faults (Alloy A) to a more incipient
embryonic type of faults (Alloy B). This observation is
in accordance with the creep performance of each alloy,
as thicker and extensive faults (especially microtwins)
are known to accelerate creep deformation.

For each alloy, representative faulted structures were
analysed using combined STEM and EDX chemical
analysis. Atomic resolution STEM was used to identify
the type of faults (CISF-SISFs, SESFs/CESFs, micro-
twins or anti-phase boundaries). Chemical EDX anal-
ysis was used to identify the segregation processes
occurring for each alloy. It is important to note that
the segregation and diffusional processes detailed in
this work are always referred to the shearing process
within the c0-precipitates. This analysis is presented
next.

A. Faults in Alloy A

Two different faults representative of the active
deformation mechanisms found in Alloy A are consid-
ered here: a bilayer SESF/CESF and a microtwin (23
layer thickness).
The HAADF-STEM image in the h011i zone axis of a

SESF/CESF within the c0 phase is presented in Figure 7.
The present analysis cannot distinguish between com-
plex or superlattice faults (further atomic resolution
EDX analysis is needed). Higher intensity is observed at
the fault line which can be connected with elemental
segregation of heavy elements. This is confirmed by the
EDX analysis presented in the same figure. Intensive
segregation of Cr and Co has occurred at the fault line.
Cr double its value at the fault when compared with the
surrounding c0 composition. Co levels are around 50 pct
higher at the fault line than in the parent phase. In
contrast, the Al levels are lower. Ta concentration shows
some increase at the fault, but the results are not
conclusive as segregation fluctuations are of the same
order as the noise. Similar results were found in other
studies on Ni-based superalloys, e.g., Ashton et al.[13]

and Barba et al.[22]

The STEM and chemical analysis of a representative
microtwin (23 layer thickness) is presented in Figure 8.
This microtwin is representative of the fault population
observed in the rest of the sample. Again, higher
HAADF intensity levels are presented at the microtwin
interfaces. The concentration profiles presented in this
figure confirm the segregation and depletion of elements
concentrated at the twin boundaries. Elemental

Fig. 2—Top: SEM images of the grain microstructure for both alloys and grain size distribution extracted from image analysis. Bottom:
Microstructural images of the c0 precipitates for both alloys and secondary c0 size distribution extracted from image analysis.
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composition inside the twin recovers the original c0

parent phase composition. As in the previously pre-
sented extrinsic fault, Co and Cr are again segregated to
the twin boundaries but to a lower extent. This might be
a sign of a lower driving force for segregation associated
with a lower fault energy for the twin boundary when
compared with the previous extrinsic fault. Al is also
depleted. In contrast, light segregation of Ta, Nb and Ti
can be inferred from the concentration profiles (less
conclusive for the case of Nb and Ti).

B. Faults in Alloy B

For comparison purposes, the type of faults examined
for Alloy B are the same as that for Alloy A (SESF/CESF
and microtwin) . However, the population density of
microtwins in Alloy B is significantly reduced compare
with the extensive population found in Alloy A.

Table II. Microstructural Statistics for the 2 Alloys Extracted from Image Analysis, See Fig. 2

Alloy A Alloy B

Average Grain Size (mm2) 0.328 ± 0.012 0.347 ± 0.014

Average Secondary c0 Size (lm2) 0.192 ± 0.010 0.212 ± 0.016
Secondary c0 Fraction (percent) 68.5 ± 4.2 71.1 ± 3.9
Tertiary c0 Fraction (Percent) 2.31 ± 0.23 2.21 ± 0.31

Average sizes and fractions for a total of 5 images are presented along with their errors.

Fig. 3—Overview of the material analysis: (1) Creep testing of both alloys at 760 �C and 552MPa for 22.5h; (2)EBSD analysis of the tested
specimen to select well oriented grains for deformation (i.e., along h001i orientation); (3) extraction of TEM samples of the selected grains,
perpendicular to the h011i grain orientation so the faults are observed edge-on; (4) TEM-EDX analysis of the samples to unveil the operative
deformation mechanisms.

Fig. 4—Experimental creep curves for both Ni-based superalloys
tested at 760 �C and 552 MPa. Creep tests were stopped at 22.5
hours.
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The combined STEM and EDX analysis of a SESF/
CESF found in Alloy B is presented in Figure 9. EDX
maps show a strong segregation of Cr at the fault and, at
a lower level, segregation of Co. Al depletion can also be
inferred. The detailed integrated line scans shown at the
bottom of the figure confirm the cited segregation of
elements and they also show a modest increase of Ta
concentration near the fault line. Specifically remarkable
is the increase of Cr at the fault with almost 50 pct
higher concentration than the surrounding c0 phase.
Another interesting aspect that can be extracted from
the line scans is the depletion of segregation elements
(i.e., Co and Cr) next to the fault. This fact can also be
observed in the EDX map of Cr. On the other hand, it is
interesting to observe the opposite phenomena in the
case of the Al, solute is piled up next to the Al depleted
fault. These segregant depletion and pile up phenomena
of Co, Cr and Al next to the faults can be produced
presumably by the diffusional fluxes feeding and extract-
ing chemical elements to the fault line’s and producing
segregation process. This fact would support the previ-
ous theories on segregation governed by bulk diffu-
sion[1,24] and reduce the possibility of segregation
produced by pipe diffusion supported by other

theories.[6,7,8] Further hypotheses of the underlying
processes behind this depletion and accumulation phe-
nomena next to the faults are presented in the discussion
section.
The STEM and chemical analysis of a microtwin

operative in Alloy B is presented in Figure 10. The
microtwin is in the early stage of thickening with just 5
layer in thickness. The EDX maps show, similarly to the
other faults, segregation of Co and Cr (around 25 pct
increase in Cr and 10 pct increase in Co). Nb also
presents about a 15 pct increase in composition within
the twinned region when compared with the parent c0

phase. Ti fluctuations are not conclusive and within the
range of the noise. Due to the reduced thickness of the
microtwin (early stage of growth), the segregation is still
not split into the twin boundaries but concentrated all
along the twin thickness.

C. Differences in Deformation Mechanisms

Some preliminary conclusions can be drawn on the
deformation mechanisms and segregation phenomena
between the two alloys. First, fault growth seems to be
promoted by the chemistry of Alloy A (higher concen-
trations of Co and Cr and lower of Ti, Ta, and Nb
within the c0) in comparison with Alloy B. Second, the
segregation profiles reveal significant differences: (1) Cr
and Co segregation levels in SESFs/CESFs are consid-
erably higher for Alloy A than for Alloy B and (2) Nb
segregation is slightly higher for faults observed in Alloy
B than in for the ones identified in Alloy A and (3)
segregation of Nb seems to be limited mature faults, e.g.,
microtwins. This last point might indicate that Nb is an
element which takes longer times to populate the faults
and therefore only appears segregated at microtwins
boundaries and not in SESFs/CESFS. No conclusive
results were found Ti and Ta segregation. The rational-
isation of these findings is discussed in the following
section aided by computational simulations of the
diffusional processes for both alloys.

IV. DISCUSSION

In this section, focus is put on explaining the
connections between compositional changes in the alloy
design and the creep performance of the alloy. First, a
diffusion-based analytical model is introduced to calcu-
late the fault growth rates for both alloys. Second, these
modelling results are used to explain the differences in
the creep performance and to propose possible routes in
the design of new grades of Ni-based superalloys for
mid-temperature and highly stressed components.

A. Rationalisation of the Chemical Dependency of Creep
Performance

In order to rationalise the observed differences
between both studied alloys, a model introduced initially
by Barba et al.[1] for segregation-assisted fault length-
ening is applied here. The cases of SESFs/CESFs and
microtwins are studied. The mathematical formulation

Fig. 5—Top: Time to reach 1 pct creep strain; Middle Creep strain
measured at the end of the interrupted tests (after 22.5 hours);
Bottom: Creep strain rate of the secondary stage. All data extracted
from creep curves.
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Fig. 6—STEM micrographs of the deformation structures observed for both alloys after testing at 760 �C and 552 MPa. Micrographs are taken
from samples extracted from h001i grains oriented perpendicular to h011i crystal orientation. Overall and detailed micrographs are presented for
both alloys.

Table III. Estimation of the Twin Population Observed for Both Alloys

Alloy A Alloy B Ratio Alloy A to Alloy B

Total Twin Length/Area 6.4± 0.7 um/um2 2.3 ± 0.4 um/um2 2.8
Average Twin Thickness 12.9 nm 3.1 nm 4.1

Fig. 7—Left: HAADF-STEM detail of a SESF/CESF in Alloy A showing the change of lattice order between the fault and the parent phase.
Corresponding integrated EDX horizontal line scans showing the concentration profiles along the fault; Right: detailed EDX integrated line
scans showing the segregation of Cr, Co and Ta an the depletion of Al. Dashed lines in EDX line scans indicate reference position of the fault
line. Errors estimated for EDX analysis are presented in Appendix A.
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Fig. 8—Top: HAADF-STEM detail of a 23 layer microtwin found in Alloy A showing the change of lattice orientation between the parent and
twinned phase, EDS compositional maps and their corresponding horizontal integrated EDX line scans showing the concentration profiles along
the microtwin. Right: EDS compositional maps and their integrated EDX horizontal line scan across the twin; Bottom: detailed horizontal EDX
line scan across the twin interfaces showing the segregation specially of Cr, Co and Ta and depletion of Al. Dashed lines in EDX line scans
indicate reference position of the fault line. Errors estimated for EDX analysis are presented in Appendix A.
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of the model is introduced in Appendix B as a reference.
The model is based on solving the diffusion fields
around the faults to compute the fault lengthening rates
assuming bulk diffusion is feeding the segregation
process (conceived as the time-limiting process). A
schematic illustration of the lengthening problem is
presented in Figure 11.

The lengthening rate of the faults vf is then computed
from the diffusion field by applying the mass conserva-
tion law at the growing interface:

vf ¼ Deff
@c

@x

�
�
�
�
interface

ðcf � cpÞ�1
; ½1�

where vf is the fault growth rate, @c
@x

�
�
�
�
interface

is the

concentration gradient at the growing interface, Deff ¼
P

i
Di ci

P

i
ci

is the effective c0 diffusivity of the segregated

elements involved in the problem and cf and cp are the
effective concentrations at the fault and in the parent
phase next to the fault tip, respectively. The effective
concentrations are defined as c ¼

P

i ci. Based on the
experimental results, the segregated chemical species
included in the diffusion problem are Cr and Co. No
conclusive results were obtained for the other alloy
elements (e.g., Ti, Nb, W, Zr) and therefore, they are not

Fig. 9—Top: HAADF micrograph of SESF/CESF formed in Alloy B along with elemental EDX maps and overview integrated chemical
horizontal line scans; Bottom: detail of horizontal integrated EDX line scans of segregated or depleted elements at the SESF fault. Dashed lines
in EDX line scans indicate reference position of the fault line. Segregation of Cr, Co and Ta in a less extent is observed at the fault line. Errors
estimated for EDX analysis are presented in Appendix A.

Fig. 10—Top: HAADF micrograph of microtwin found in Alloy B along with elemental EDX maps and overview integrated chemical
horizontal line scans; Bottom: detail of horizontal integrated EDX line scans of segregated or depleted elements at the microtwin. Dashed lines
in EDX line scans indicate reference position of the fault line. Segregation of Cr, Co and Nb is observed at the fault line. Errors estimated for
EDX analysis are presented in Appendix A.
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included directly in the calculation (although their
influence is taken into account by their effect on the
diffusivity of Co and Cr). For more details of the
mathematical model the reader is referred to the work of
Barba et al.[1]

1. Definition of model parameters
In order to assure that the diffusion field recreates the

one is operative in real conditions, boundary conditions
as effective concentrations at the fault cf and of the c0

precipitate c1 have been computed from the EDX
concentration data for each type of fault presented
previously. The concentrations at the faults are aver-
aged-integrated assuming the cut-off point to be half of
the peak value at the fault. The boundary conditions of
equilibrium concentration at the interface ceq is calcu-
lated using Thermo-Calc software (database TTNI8) for
equilibrium phase calculations, respectively.[18,30] The
values for all model concentrations are presented in
Table IV.

Additionally, the c0 chemical diffusivities of Co and
Cr (DCo and DCr) are obtained using Thermo-Calc
software and DICTRA (database MOBNI3)[30,31]

imposing the c0 concentration observed experimentally
by EDX. The computed values for the relevant param-
eters used in the model are detailed in Table IV.

2. Calculated velocities
The lengthening rates computed for the different

faults and alloys are presented in Figure 12. For both
type of faults (CESFs/SESFs and microtwins) the
lengthening rates in Alloy B are lower than in Alloy
A. Specificially, 46 pct lower for the case of the SESF/
CESF and 37 pct lower for the case of the microtwin.
This is in accordance with the creep rates observed
experimentally as Alloy A presents higher creep rates
and lower performance than Alloy B.

Two subtly different effects might be responsible for
what is observed: (1) different diffusion rates within the
c0 as the chemistry of this phase changes with alloy
composition and (2) different levels of elemental segre-
gation as the driving force for segregation would depend
on the c0 composition through the fault energy values. A
diffusivity analysis for both alloys is presented in
Figure 13 using Thermo-Calc software and DICTRA
(database MOBNI3).[30,31] There, three different diffu-
sivities are calculated for the case of the SESF/CESF
fault presented in the previous section: (1) an overall
average effective diffusivity of all the segregated ele-
ments, (2) effective diffusivity of just the principal
c0-stabiliser elements observed in this study
(Ti+Ta+Nb) (3) the effective diffusivity of the c-sta-
bilisers Co and Cr. For all cases, the computed
diffusivities are lower for the case of Alloy B. That
means that the segregation process, and therefore the
fault lengthening process, is retarded by means of the
alloy composition. This has implications on alloy design
that will be discussed next.

These differences in diffusivites for the two alloys
along with the different levels of segregants in the c0

(specially Co and Cr) may also play an important role

on the observed depletion and accumulation regions of
segregant species next to the fault lines , e.g., Figures 9
and 10. For the case of elements segregating to the fault,
it is reasonable to believe that a lower concentration at
the c0 and lower diffusivities can promote the formation
of depletion areas next to the faults. This is the case as
segregants for the fault need to be extracted from
smaller regions closer to the fault (due to lower
diffusivity) and with low reservoirs of these elements.
This is clearly in accordance with these results as Alloy
B present a lower diffusivity of these segregation
elements (Co and Cr) and also lower amount of them
in c0 (specifically for Co), making this alloy more prone
to form segregant depleted regions next to the faults (see
Figure 9) when compared to Alloy A.

B. Implications to Alloy Design

The diffusivity is dominated by the chemical compo-
sition of the alloy. Special focus has been put on this
aspect for high-temperature single crystal components
(T�900 �C) by designing alloy compositions with
reduced diffusion rates in c[32–34] to limit the dislocation
climbing. However, for polycrystalline alloys in the
mid-range of temperature (T � 500 to 700 �C) the main
focus has been historically to increase the shearing
strength the c0 force by increasing the stress required to
penetrate this phase (specifically by increasing the
anti-phase boundary energy and reducing the stacking
fault energy to produce partial dissociation). Less focus
has been put on limiting the diffusional processes within
the c0 when compared with the efforts taken on the
high-temperature creep case. However, this work has
shown the importance of diffusivities in the c0 is also a
critical variable to consider when designing polycrys-
talline alloys in this mid-temperature range, see
Figure 14. Lower diffusivities at the c0 block the
segregation processes required for the fault lengthening
and thickening in this temperature regime, leading to a
reduced amount of creep strain and therefore an
improved creep performance.
The data in Figure 14 shows the importance of alloy

composition on the elemental diffusivity in the c0. In
general, a 38 pct decrease of diffusivity is achieved from
Alloy A to Alloy B (in summary, increasing Ta+Nb
levels and decreasing Co+Cr). Similar values are found
in the focus is put on the effective diffusivity of Co + Cr
(� 27 pct) or Ti + Ta + Nb (� 43 pct). To further
confirm this trend in increasing the barrier for elemental
diffusion within c0 the activation energies for the
diffusion of Co and Cr in the c0 has been calculated in
the range of 660 to 860 �C relevant for this study. This
was done by Arrhenius fitting of diffusion coefficients
calculated every 50 �C. Only Co and Cr were selected as
these are the elements were the ones found to strongly
segregate to the faults (no conclusive results were found
for the segregation of Ta,Ti or Nb by EDX). The
estimated activation energies are presented in Table V.
There is an increase of 6.9 pct and 4.5 pct in the diffusion
activation energy for Co and Cr, respectively. This is
translated in higher energy barriers for the segregation
to the faults within the c0 for Alloy B when compared
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with Alloy A. This firmly confirms the trends observed
by the Co+Cr diffusivity in Figure 14 and supports the
slower lengthening rates observed in this Alloy B when
compared to Alloy A.

These results along with the experimental observation
emphasize the importance of Ta and Nb additions and
Co and Cr subtractions in slowering the fault

segregation process and eventually increasing the creep
performance of a polycrystalline superalloy. Although
Ti has not been the focus of this article, it is known also
to have similar effects to Ta and Nb in blocking the fault
lengthening processes.[2,23] In order to quantify the effect
of Ti, Ta and Nb on the segregation of Co and Cr,
variational calculation of the diffusivities of Co and Cr

Fig. 11—Diagram of the diffusion problem solved for calculating the lengthening fault rates including detail of schematics of the concentration
profile. The model is formulated on the basis of Co and Cr segregation although the effect of the rest of the alloy elements on the diffusivity is
accounted for.
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has been performed and the results are presented in
Table VI. Based on these results, Ta presents the
strongest effect on reducing the mobility of Co and Cr

in the c0 followed by Nb. Ti presents a more moderate
effect and for Co, it increase its diffusivity. Furthermore,
the results suggest that the effect of adding Ta, Nb and
Ta is stronger on Cr than on Co. These values, further
confirm the effect of Ta and Nb additions on inhibiting
the segregation of fault lengthening promoting elements
like Co and Cr.
In conclusion, in order to push forward the temper-

ature capabilities of these alloys, these chemistry-depen-
dent diffusional processes need to be fully integrated
into future alloy design approaches to capture the
dependence of the creep strength of the alloy on its
chemical composition.

V. SUMMARY AND CONCLUSIONS

In this work, the creep performance of two different
prototype polycrystalline superalloys (Alloys A, B) have
been studied. The following specific conclusions can be
drawn from this study:

1. Experimental creep testing at 760 �C and 552 MPa
shows that the ratio of ordering-promoting ele-
ments (Nb-Ti-Ta) to disordering-promoting ele-
ments (Co-Cr) strongly affects the creep
performance of the alloy. Higher amounts of
ordering elements reduce the creep rates consider-
ably improving the creep performance of the alloy
(_ecreepAlloyA > _ecreepAlloyB )

2. HR-STEM at atomic resolution has been used to
characterize the creep deformation mechanisms of
the three alloys and rationalise the reason behind
the different creep performance. Alloy A, with
higher amount of Co-Cr over Nb-Ta-Ti, present
dense population of extensive faults that corre-
sponds to SESFs/CESFs and large fraction of thick
twins. Alloy B, with a higher amount of Nb-Ta-Ti
and reduced Co-Cr, present a completely different
deformation structure: twinning is inhibited and
replaced by thin isolated faults (SESFs/CESFs) at
the c0.

3. The chemistry of the faults was studied using atomic
resolution EDX. For both alloys, the planar faults
examined are enriched with alloy elements different
from the parent c0 composition. But coincidences
end here: faults in Alloy A present a strong
segregation of Co and Cr at the faults and Alloy
B also present a marked Nb segregation at the fault
plane.

Table IV. Averaged Values for the Concentrations of Cr and Co at the Faults (or Fault Interfaces for Microtwins) and at the c0

Precipitates

Alloy Fault Cf (at. pct) C1 (at. pct) Ceq (at. pct) Deff (m
2/s)

Alloy A SESF/CESF 14.7 pct 10.0 pct 9.9 pct 4.38 x 10�19

Twin 10.9 pct 10.3 pct 9.9 pct 2.38 x 10�19

Alloy B SESF/CESF 9.2 pct 8.2 pct 8.0 pct 3.08 x 10�19

Twin 9.3 pct 8.9 pct 8.0 pct 1.93 x 10�19

The concentrations at the faults are averaged-integrated assuming the cut-off point to be half of the peak.

Fig. 12—Calculated lengthening rates for SESFs and microtwins as
a function of the alloy type.

Fig. 13—Calculated diffusivities in c0 for both alloys. Three cases are
presented: (1) effective diffusivity of all elements; (2) effective
diffusivity of Ti+Ta+Nb elements and (3) effective diffusivity of
Co+Cr elements.
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4. The connection between differences in chemical
segregants and different creep performance of the
three alloys has been rationalised using mathemat-
ical modelling of the diffusion lengthening of the
faults supported by thermodynamic databases of
the c0 structure. The results indicate that alloys with
higher amount of order promoting elements
(Nb,Ta,Ti) tend to have slower diffusional pro-
cesses. This inhibits the lengthening and thickening
rates of the faults reducing the experimental creep
rates in accordance with the experimental results.

5. These new insights on the deformation mechanisms
of Ni-based superalloys at mid-temperature regimes
and high stresses (T>700 �C and r>500 MPa)
provide a foundation for a new path in the design of
creep tolerant polycrystalline superalloys.
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Fig. 14—Diagram of the influence of the alloy composition on the lengthening process of segregation-assisted fault and its connections with the
observed operative deformation mechanisms.

Table V. Estimated Activation Energies for Diffusion of Co

and Cr in the c0 for Alloy A and Alloy B

Alloy A Alloy B Variation

QCo
D (kJ/mol) 272 291 + 6.9 pct

QCr
D (kJ/mol) 281 293 + 4.5 pct

Table VI. Effect of Increasing 1 at. pct of Ti,Ta and Nb in
the Diffusivities of Co and Cr in the c0

+ 1 at. pct Ti + 1 at. pct Ta + 1 at. pct Nb

4Dc0

Co
+ 0.9 pct � 5.3 pct � 2.3 pct

4Dc0

Cr
� 2.1 pct � 7.5 pct � 5.0 pct

Chemical composition of c0 in Alloy A is chosen as baseline
composition.
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APPENDIX A: ESTIMATION OF ERRORS IN EDX
ANALYSIS

In this Appendix, the errors estimated for the chem-
ical analysis performed on the faults is presented. For
each fault, the region of interest (ROI) to estimate the
error has been set as the area used to integrate the
compositional line scans (Tables VII, VIII, IX and X).

APPENDIX B: PHASE TRANSFORMATION
DIFFUSION PROBLEM

The mathematical model proposed by Barba et al.[1]

for the case of Co and Cr partitioning controlled growth
of microtwins is adapted here. A schematic diagram of
the physical problem is shown in Figure 8(a). The
boundary condition that governs the ledge growth is
obtained from the mass conservation at the interface:

Table VII. Estimated Error in Chemical Measurements Provided by TEM-EDX in the ROI of the Microtwin Analysed in Alloy A

in Fig. 8

Alloy A Microtwin EDX Error in ROI

Element Family Atomic fraction (percent) Atomic error (percent)

Al K 14.52 1.43
Ti K 6.96 1.29
Cr K 1.62 0.27
Co K 7.83 1.23
Ni K 66.32 3.45
Nb K 0.68 0.11
Ta L 1.37 0.20
W L 0.69 0.10

Table VIII. Estimated Error in Chemical Measurements Provided by TEM-EDX in the ROI of the SESF/CESFF Analysed in
Alloy A in Fig. 7

Alloy A SESF/CESF EDX Error in ROI

Element Family Atomic fraction (percent) Atomic error (percent)

Al K 14.38 1.42
Ti K 7.22 1.33
Cr K 2.08 0.34
Co K 8.31 1.30
Ni K 65.72 3.49
Nb K 0.64 0.10
Ta L 1.16 0.17
W L 0.49 0.07

Table IX. Estimated Error in Chemical Measurements Provided by TEM-EDX in the ROI of the Microtwin Analysed in alloy B
in Fig. 10

Alloy B Microtwin EDX Error in ROI

Element Family Atomic fraction (percent) Atomic error (percent)

Al K 12.13 1.24
Ti K 6.39 1.20
Cr K 2.28 0.38
Co K 6.45 1.04
Ni K 68.78 3.31
Nb K 1.29 0.21
Ta L 2.00 0.29
W L 0.68 0.10

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 54A, MAY 2023—1899



vf ¼ Deff
@c

@X

�
�
�
�
step

ðcf � cpÞ ; ½A1�

where vf is the microtwin ledge velocity, X is the

absolute coordinate along the twin length, Deff ¼
DCo cCoþDCr cCr

cCoþcCr
is the effective diffusivity of Co and Cr in

the parent phase and cf and cp are the effective Co+Cr
concentrations in the twin phase and in the parent phase
at the twin step, respectively.

The diffusion in the parent phase around the twin is
governed by Fick’s laws,[35] and for simplicity, the twin
phase is assumed to be non-diffusive. The diffusion
problem is formulated in a moving non-dimensional
coordinate system x ¼ ðX� vfÞ=h and y ¼ Y=h (relative
to global coordinates X� Y). Introducing the Péclet
number p ¼ vfh=2Deff, the problem is defined by

r2Cðx; yÞ þ 2p @C
@x ¼ 0

@C
@y ¼ 0 for y ¼ 1; x<0

@C
@y ¼ 0 for y ¼ 0; x>0

@C
@x ¼ �a�1ðpÞ for x ¼ 0; 0 � y<1

8

>>>>><

>>>>>:

; ½A2�

where aðpÞ is a function to be determined and the
dimensionless concentration is defined by

Cðx; yÞ ¼ cðx; yÞ � c1
ce � c1

; ½A3�

where ce is the equilibrium Co + Cr concentration at
the interface. We include the effect of the interface
reactions (short-range reordering) on the twin kinetics
by considering deviation from the equilibrium at the
interface (cp 6¼ ce). For this case, the extra-boundary
condition needed is imposed by accounting for the
mobility l0, which is controlled by short-range atomic
reshuffling:

vt ¼ l0ðcp � ceÞ ½A4�

In case of large l0 the problem is diffusion-controlled
(l0 ! 1 implies cp ! ce), whereas for small l0 the
problem is reaction-controlled. A non-dimensional
interface mobility is introduced in the interface analysis:

q ¼ l0ðcf � ceÞð4D=hÞ�1. The estimation of the interface
mobility for this problem is addressed in Barba et al.[1]

For this problem the lengthening has been shown to be
diffusion-controlled and therefore, there can be assumed
to be not relevant influence of the interface reactions on
the lengthening kinetics.
The approximated solution using Fourier transforms

and perturbation theory proposed by Trivedi and
Jones[36] and Atkinson[37] leads to a set of two non-linear
equations for 0:003 � p<0:500:

½aðpÞ��1 ¼ pþ
P7

i¼0 ki½log10ðpÞ�
i

X0 ¼ 2paðpÞ þ ðp=qÞð1� 2paðpÞÞ

(

; ½A5�

where k0 ¼ 1:68262, k1 ¼ 2:84725, k2 ¼ 5:58040,
k3 ¼ 7:19946, k4 ¼ 5:49601, k5 ¼ 2:41352, k6 ¼ 0:55658

and k7 ¼ 0:05182 and q ¼ l0ðcf � ceÞð4Deff=hÞ�1 is the
non-dimensional interface mobility (l0 is the interface
mobility). In this system, aðpÞ and p are the unknowns to
obtain and X0 is defined as the dimensionless normalized
supersaturation concentration c0 ¼ ðc1 � ceÞ=ðcf � ceÞ.
Once this system is solved, the velocity of the twin ledge
can be recovered from the definition of Péclet number.
This process allows for the estimation of the microtwin
lengthening rate vf.
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