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ABSTRACT

The sensitivity of grain boundary (GB) cracks often limits the high-temperature plasticity of superal-
loys. The 750 °C tensile deformation of fine-grained Ni-Co based wrought superalloys was observed
in situ using a scanning electron microscope (SEM) equipped with an electron backscatter diffrac-
tion (EBSD) probe to clarify the texture formation and GB response. The GB stress concentration
depends on the grain orientation and slip system alignment on both sides. This reflects the ability of
GBs to cope with deformation incompatibility. This study provides valuable insights for predicting
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the failure of polycrystalline superalloys and offers new ideas for microstructure evaluation and GB

design.

IMPACT STATEMENT

The lattice rotation and GB response of Ni-Co based fine-grained wrought superalloys under 750 °C
deformation were explained through in-situ observation, which helps predict the superalloys’ service

behavior.

1. Introduction

Ni-based wrought superalloys exhibit exceptional prop-
erties within the range of 700 ~ 850 °C, rendering them
an ideal material for manufacturing turbine discs in air-
craft engines [1-4]. In view of the reliability of com-
ponents, the deformation failure mechanism of alloys
within the operating temperature range has gained
increasing attention. Numerous studies have reported
the initiation of GB cracks in Ni-based polycrystalline
superalloys at high temperatures, both in tensile and
fatigue testing [5-7]. The intensification of atomic
motion weakens GBs at high temperatures, thus nul-
lifying the Hall-Petch effect [8,9]. Further research is
required to enhance the coordination of GBs to reduce
the probability of intergranular cracking, despite the

GBs weakening at high temperatures being confirmed
[10-12].

During the plastic deformation process of polycrys-
talline materials, lattice rotation and GB coordination
commonly occur [13,14]. In order for slip deformation
to persist, each grain must conform to the constraint of
external loading and the surrounding grains. Hence, lat-
tice rotation is necessary to accommodate this deforma-
tion incompatibility [13,15]. As a result of changes in lat-
tice orientation, deformation texture is formed following
plastic deformation, accompanied by deformation mis-
match at GBs. This can result in the accumulation of geo-
metrically necessary dislocations (GNDs) at GBs, ulti-
mately leading to GB failure [16,17]. While fine-grained
structures benefit the room temperature strength and hot
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working performance of Ni-based wrought superalloys
used for turbine discs, an increase in the number of GBs
has led to a potential sharp drop in high-temperature
plasticity. Numerous studies have reported low plasticity
at service temperatures, with the initiation and prop-
agation of GB cracks as the primary forms of failure
[1,18-22]. The incompatibility of GB deformation con-
tinues to hinder the service performance of these alloys.
Researchers have described the slip interaction based
on lattice geometric matching [23,24]. Still, the further
development of GB deformation incompatibility and the
response mechanism leading to failure have yet to receive
attention. Especially for fine-grained superalloys, in-situ
observation of their deformation process remains chal-
lenging. This study aims to address this issue by revealing
the deformation response of GBs at service temperature.

Utilizing in-situ SEM/EBSD technology, this research
delved into the tensile deformation of Ni-Co based
wrought superalloys at 750 °C. This investigation exam-
ined the lattice rotation and GB response of fine-grained
structures under high-temperature deformation. Ulti-
mately, the causes of GB stress concentration and the
GB-mediated slip law were revealed. This study offers
valuable insights into predicting the GB deformation
response of Ni-based wrought superalloys, emphasiz-
ing the importance of considering GB-mediated slip in
microstructure evaluation.

2. Materials and methods

This study used a novel Ni-Co based wrought superal-
loy (13Cr, 25Co, 6Ti, 3Al, 1.2Mo, 3W, 0.04C by mass %)
for aerospace turbine discs. The in-situ tensile sample was
bone-shaped with double chamfers, cut from forged bil-
lets, and had a thickness of 1.2 mm, as shown in Figure
1 (a). After being mechanically polished and then elec-
trolytically polished in a solution of 20 vol% H;SO4+80
vol% CH3;OH at 25V for 25 s, the sample was tensile
deformed in a vacuum environment at 750 °C until it
failed, with a rate of 2 um/s. The in-situ tensile curve
recorded by displacement sensors was corrected based
on the elastic modulus of the reference tensile curve
[25]. The final engineering strain of the in-situ sample
was 43%. The SEM (Apreo 2s) with an EBSD probe was
used to observe the deformation process of the sample
in situ shown in Fig. S1 in the supplementary materials.
EBSD data and SEM images were collected at strains of
1.74%, 2.96%, 1.97%, and 22.97%, and SEM images were
taken separately at strains of 32.97% and 42.97%. The
EBSD data was analyzed using OIM software and Mat-
lab with MTEX code, and the theoretical slip trace of a
single grain was plotted. The face-centered cubic (FCC)
crystal has twelve equivalent slip systems, numbered as
shown in Table 1. The numbering of grains used for

Table 1. Twelve possible slip systems of the experimental alloy.

No.  Slipplane  Slip direction No. Slipplane  Slip direction
71 (11 [01-1] y7 (=111 [01-1]
y2 111 [-101] 78 (=111) [101]
y3 (111 [1-10] 79 (=1171) [110]
4 11-=1) [1=10] y10 1=11) [—-101]
y5 (11-=1 [101] y 11 1-=11 [110]
y6 (11-1 [011] y12 1-11 [011]

research can be found in supplementary material Fig. S1
(a). The as-received alloy had a fine-grained structure
(average grain size & 5.4 u m) with some large-sized L1,
structure primary y’ phases on the GBs, which can be
distinguished during data analysis.

3. Results and discussion

Figure 1 (b) and (c) depict the color mapping of EBSD
inverse pole figures (IPF) in the initial stage and at 22.97%
strain, respectively. The deformed grains were elongated
along the loading direction (LD) and displayed signs
of lattice rotation. The normalized intensity pole fig-
ures (Figure 1 (d)) and LD inverse pole figures (Figure
1 (e)) more clearly demonstrate the overall orientation
distribution changes under varying strains. The initial
orientation distribution was relatively discrete, and this
shape persisted during the elastic deformation stage. Fol-
lowing the onset of plastic deformation, most crystal
orientations concentrated towards < 111 >, and the pole
intensity gradually increased as deformation progressed,
ultimately forming a <111 > tensile deformation tex-
ture.

Parallel to LD, many metals with an FCC structure
demonstrate a rotation of the most deformed grains
towards < 111 >, which is likely connected to the crys-
tals’ slip characteristics [26]. Due to the orientation rela-
tionship, the slip plane of FCC grains at the <111 > pole
is perpendicular to the direction of external forces, mak-
ing it challenging for the slip system to initiate according
to Schmidt’s law. Hence, <111> is in a hard orien-
tation position. Following deformation, a <111 > tex-
ture forms, and the polycrystalline structure’s average
Schmid factors (SF) usually decreases. This suggests that
the alloy’s deformation potential is gradually consumed
as the slip progresses.

To further delve into the laws of texture formation and
lattice rotation, we analyzed the slip and deformation of
specific grains. Three grains with different initial orien-
tations and slip system activity are displayed in Figure 2
showing their slip and lattice rotation. The grains have
original SF ranging from low to high. The original ori-
entation of G1 was located near <111 >, and its SF
was 0.374, making it difficult for its slip system to acti-
vate under external stress. Even during a large plastic



MATER. RES. LETT.

871

~
o
~'
—
(=)
(=3
=}
T

Slope = 120.98 32.97%

Slope = 354.55 22.97%

-

£

=3

=
T

o

[

[

(=
T

o
(=3
[
(=]
T

Stress (MPa)

Revised curve

— In-situ tensile curve

— Reference curve (conventional 750 °C tensile test curve)

0 10 20 30 40

Engineer strain (%)
(001) (110) (111)

0%

AAAAA

22.97%

011 001 011 001 011 001 011001
0% 1.74% 2.96% 12.97% 22.97%
/I LD . : _ . T
0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

Figure 1. (a) In-situ tensile curves and sample dimensional drawing; IPF maps at in the initial stage (b) and at strain of 22.97% (c);
Normalized intensity pole figures (d) and LD inverse pole figures (e) of different strains.

deformation stage, the degree of slip and deformation
of G1 remained low, with its lattice rotation being more
influenced and constrained by the surrounding deformed
grains rather than dominated by its own slip. The inverse
pole figures indicate that the pole intensity of G1 mainly
swept around its original position without significant dis-
placement (Figure 2 (d)). However, under large deforma-
tion, the slip system y 10 with the maximum SF in G1 was
activated (Figure 2 (c)). G20 and G21, on the other hand,
had higher SF (0.420 and 0.496), enabling them to par-
ticipate in plastic deformation earlier. The larger the SE,
the earlier the slip system was activated (Figure 2(g, k)),
and their lattice orientation continuously rotated with the
slip. After the sample deformation reached 22.97%, the
crystal cells of these two grains rotated away from their

initial positions. The inverse pole figures of G20 and G21
display the movement path of their pole intensity (Figure
2(h, 1)).

The activation of polycrystalline slip cannot be deter-
mined solely by the SF condition. The deformation and
rotation of grains are subject to complex constraints
from their surroundings, making it impossible to pre-
dict the degree and direction of grain rotation directly.
Interestingly, both G20 and G21 showed pole intensity
movement close to the < 111> direction on LD. The
supplementary materials (Fig. S2) analyzed the lattice
rotation angle and orientation distribution of 30 grains,
but no specific trend was observed. Approximately 53%
of the grains were oriented closer to the <111> pole
after deformation (Fig. S2(e)). There is currently no
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Figure 2. Orientation changes and slip of grains with different SF. (a-d) G1; (e-h) G20; (i-) G21; (a, e, i) IPF maps of grains; (b, f, j) Cell
models before and after deformation; (e, g, k) Traces of activated slip systems; (d, h, i) LD inverse pole figures of different strains.

evidence to suggest that the <111> pole (hard ori-
entation position) was a specific ‘destination’ for lattice
rotation. Moreover, the deviation path of the orientation
does not align with the route model provided by exist-
ing research [27,28]. However, as a restricted position,
grains located near the <111> direction were chal-
lenging to maintain slip activity and lattice rotation, and
this orientation captured movable grains during plas-
tic deformation. As a result, the pole intensity in the
< 111> direction increased continuously with deforma-
tion, and more and more grains entered a slip-restricted

state, forming a near-failure state of the <111 > texture
(Figs. S2 (a-c)).

When examining the behavior of grains, it is crucial
to not only consider their individual slip and deforma-
tion but also their interactions with one another. The
deformation response of GBs, as the primary carrier of
lattice slip deformation incompatibility, reflects the plas-
tic deformation ability of polycrystalline materials. How-
ever, in high-temperature environments, the strength of
GBs may decrease, leading to potential GB failure [6,17].
Itis generally believed that the difference in slip activation
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Figure 3. (a) SF maps and theoretical slip traces of undeformed grains G18, G22, and G23; (b, c) SEM images and slip traces of G18, G22,
and G23 with different strains; (d) IPF maps and cell models of G18, G22, and G23 before and after deformation.

degree between grains is the primary cause of accu-
mulating GB stress concentration [16,29]. To clarify the
formation mechanism of high-stress concentration inter-
faces, we initially observed the GBs exhibiting apparent
deformation incompatibility.

In situations where GB-mediated slip was not an
option, as illustrated in Figure 3, a visibly raised and
wavy interface appears in the near failure stage, ultimately
becoming the favored location for both crack nucleation
and propagation. Despite expectations of a deformation
mismatch between soft and hard-oriented grains, a sig-
nificant concentration of GB stress occurred between
high SF grains G18, G22, and G23. All three of the max-
imum SF slip systems were activated during the early
stages of plastic deformation, with slip traces intersect-
ing at the trigonal GB. Calibration of the slip system
confirmed that the conflict of activated slip system ori-
entations caused stress accumulation in GBs. The degree
of alignment of slip systems on both sides determines
whether dislocations slip transfer through GB, which
serves as an effective mechanism for releasing stress con-
centration through GB-mediated slip. The m’ factor is
used to evaluate the alignment degree of grain slip sys-
tems [23,30]. which is defined as [31]:

(1)

where a and f represent the angles between the normal
direction of slip planes and the slip directions in adjacent
grains, respectively. Nieto Valeira et al. [32] calculated
that the conditions for slip transfer in FCC-structured
pure Niwas m’ > 0.8.

After analyzing the m’ factor between the grains
depicted in Figure 3, it was discovered that the slip sys-
tem displays a completely incoherent orientation rela-
tionship, particularly for GBs and GBp, with m’ val-
ues less than 0.05. Consequently, the slip on both sides
cannot be coordinated, and the lattice maintains its
rotational independence to adapt to slip and plastic
deformation. GBs absorb lattice dislocations released by

m' = cosa - cosf

slip, exacerbating intergranular deformation damage. All
three grains underwent lattice rotation after deformation,
and GBA-GBp was pulled in different directions by cell
movement, resulting in a height difference (as shown in
Figure 3 (d)). In contrast, GBc with a higher m’ value
showed no significant stress concentration after defor-
mation. The m’ values of the high-stress concentration
protrusion interface in the observation area and the SF
of the grains on both sides were statistically analyzed
and listed in the supplementary materials (Fig. S3 and
Table. S1) throughout the deformation-failure process.
The formation of all stress concentrations was similar to
that in Figure 3. This indicates that both the SF and m’
parameters affect the sensitivity of GB cracks, and the
misalignment of slip systems isolated the deformation
between grains, especially for high SF grain groups. The
low m’ value GB between soft-oriented grains was the
easiest to accumulate GNDs, and the incompatible highly
local deformation further compresses the dislocation tol-
erance of GB, leading to weak interfaces with high-stress
concentration.

It has been observed that some GBs are better suited
to plastic deformation due to their ability to avoid incom-
patibility issues through mediated slip. These interfaces
tend to maintain a relatively flat appearance after defor-
mation, in contrast to high-stress concentration GBs. In
Figure 4(b and c), good slip transfer occurred between
GI1 and G2, as well as between G3 and G4, with slip
traces aligned on both sides passing through GB (locally
enlarged images (1) and (2)). The m’ values of GBp
and GBrp are 0.899 and 0.969, respectively. The lattice
and slip plane models of grains G1-G4 are shown in
Figure 4(d). The slip planes on both sides of the high
m’ GBs are almost parallel, creating conditions for slip
transfer between grains. The slip transfer achieved good
coordination between adjacent grains, and GBp and
GBr maintained a flat morphology after plastic defor-
mation without prominent stress concentration charac-
teristics. On the contrary, the GBg (m’ = 0.023) cannot
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Figure 4. (a) SF maps and theoretical slip traces of undeformed grains G1-G4, and G7; (b, c) SEM images and slip traces of G1-G4, and G7
with different strains; (d) Slip plane positions of G1-G4 marked on the pole figures and lattices; (€) SF maps and theoretical slip traces of
undeformed grains G11, G16, G19, G20, and G25; (f-h) SEM images and slip traces of G11, G16, G19, G20, and G25 with different strains.

achieve deformation coordination of G2 and G3, and the
discontinuous deformation on both sides leads to GB
arching, which is consistent with the previously described
failure-prone GBs.

The slip transfer phenomenon is rare due to the lim-
itations of lattice arrangement. According to statistics,
the proportion of GBs with m’ > 0.8 in the experimen-
tal alloy is less than 14%, which implies that most GBs
require other mechanisms to coordinate grain deforma-
tion on both sides. Figure 4 (e-h) shows the continuous
activation of slip between grains with misaligned slip sys-
tems. In the early stage of plastic deformation, the slip
systems of high SF grains G11 and G25 initiated first, and
slip block was formed at the low m” GBr and GBy. The
two GBs exhibited stress concentration and height differ-
ence due to the slip and rotation of grains on one side.
The stress concentration of GB provided the impetus for
the movement of dislocations in grains with deformation
the other side, essentially the absorption and re-emission
of lattice dislocations by GB.

In G20, the maximum SF slip system y 2 was activated
by stress concentration at GBy, and the dislocation slip
started from GB. The dislocations released by GB slipped
inward into the grain (Figure 3 (g)), indicating that G20
and G25 completed deformation coordination at the cost
of a certain degree of intergranular stress concentra-
tion. Similarly, the stress concentration at the trident GB
between G16, G19, and G20 activated the maximum SF

slip system y 7 of G19 in the later stage of deformation
(Figure 4 (h)). Specifically, the activation of stress block-
ing was also affected by the alignment degree of the slip
systems. When the deformation of the sample reached
32.97%, the stress concentration at GBg activated the y 7
of G16, with an SF of only 0.288. Compared to the max-
imum SF slip system y 10, the orientation relationship of
y7 in G16 was more aligned with the slip system pro-
duced by G11 (witham’ = 0.681 between the introduced
slip system). Hence, when examining GB-mediated slip,
the m’ factor has a more significant impact than SE The
shear stress inside the lattice (y 10) and the dislocation
release mediated by GBg (y 7) lead to the activation of
different slip systems in G16. It is crucial to note that
such multiple slips are rare in alloys, with the vast major-
ity of observed grains having only one maximum SF slip
system activated. Unlike other studies on Ni-based super-
alloys’ slip characteristics [23,27], the lower slip motion
tolerance of the fine-grained structure leads to the defor-
mation activity mainly being single slip, ensuring the
feasibility and reliability of alloy structure prediction.

4. Conclusions

In summary, we conducted in-situ SEM/EBSD observa-
tions of the tensile deformation process at 750 °C in a
Ni-Co based wrought superalloy. The <111> orienta-
tion restricts the slip and rotation of grains, and most



grains were captured by < 111>, which was the cause
of the deformation texture. Furthermore, stress concen-
tration was primarily observed at the GBs between soft-
oriented grains with slip system misalignment, where low
m’ values GBs were incapable of coordinating the slip
impact on both sides. Conversely, when slip systems were
well-aligned, the GBs could avoid deformation incom-
patibility by mediating slip, even if there was a slip activity
difference between the grains on both sides.
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