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ABSTRACT

Two different types of shear bands generate in ultrafine-grained (UFG) CoCrFeMnNi high-entropy
alloys deformed at 77 K, i.e. commonly-observed low angle grain boundary (LAGB) type and unusual
twin-coupled type. Twin-coupled shear bands exhibit a misorientation of 56-67° with the matrix, in
contrast to the LAGB shear band with a misorientation of 6-12°. Both annealing twins and deforma-
tion twins can act as precursor for twin-coupled shear bands, where dislocation accumulation along
twin boundaries can tune the orientation of twin lamella. These observations suggest that twin-
coupled shear bands can act as an important plastic carrier in materials deformed under extreme
conditions.
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IMPACT STATEMENT

Atomic structure of twin-coupled shear band is unveiled in an UFG CoCrFeMnNi HEA deformed at
77 K, which involves in dislocation-twin boundary coupled mechanism, based on delicate structural
characterization via high resolution transmission electron microscopy.

1. Introduction arises from the localized alignment of dislocations along

High-entropy alloys (HEAs) with equiatomic or near-
equiatomic elements components have been extensively
studied due to their attractive properties, including high
strength, good thermal stability, and exceptional corro-
sion resistance [1-4]. Among various HEAs, the face-
centered cubic (FCC) CoCrFeMnNi alloy manifests an
excellent combination of relatively high strength and
good ductility even at cryogenic conditions [5,6], which
is attributed to the featured twinning-induced plastic-
ity effect [7,8]. Besides, shear bands have been widely
recognized as an additional deformation mechanism at
cryogenic temperature in metals and alloys [9,10]. Most
shear bands in previous studies exhibit a low angle
grain boundary (LAGB) configuration [11,12], which

the shear band boundary. Moreover, the simultaneous
appearance of shear bands and twin lamella has been
frequently reported in metallic materials with low to
medium stacking fault energy, especially in samples after
severe plastic deformation [13,14], indicating a shear
band evolution mechanism coupled with deformation
twins. However, the microstructural evolution of shear
bands coupled with deformation twins remains largely
unclear.

In this study, we investigated the shear band behav-
ior in ultrafine-grained (UFG) CoCrFeMnNi HEA
deformed at 77 K. Two types of shear bands, i.e. LAGB
shear band induced by the orderly-aligned disloca-
tions and twin-coupled shear band generated by the
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Figure 1. Microstructure evolutions near the necking zone under different tensile strains in UFG CoCrFeMnNi HEAs at 77K. (a) Inverse
pole figure map showing the equiaxed grains. (b) The distribution of grain sizes. (c) Tensile stress-strain curves of UFG HEAs at 77K. (d-f)
Microstructure evolution near the necking zone and (g-i) corresponding SAED patterns for the e = 20%, 30% and fractured samples. The
existences of LAGB and twin-coupled shear band are indicated by the white and yellow arrows in (h) and (i), respectively.

interaction of dislocations and twin boundaries, are
observed during deformation. The twin-coupled shear
bands exhibit a characteristic misorientation in the range
of 56-67° with the matrix. Both annealing twins and
deformation-induced twins can act as the precursor for
shear band nucleation, while the intense dislocation
intersections at TBs during the latter stage induce the
deviation of the boundary.

2. Materials and methods

The as-cast CoCrFeMnNi HEAs ingot was homogenized
at 1100°C for 2h and then hot forged at 1000°C. A
30-mm diameter rod was obtained and subsequently
cold-rolled into sheets with a thickness of ~2.5mm at
room temperature. To achieve the fully recrystallized
UFG structures, the cold-rolled sheets were annealed at
675°C for 30 min in an Ar atmosphere. The dog-bone
specimens with gauge dimensions of 10 x 2 X 2.5 mm

were fabricated and polished following the standard
procedure for tensile tests. Cryogenic tensile tests (77 K)
were performed at a strain rate of 107> s™! on an Instron
5982 testing machine. Transmission electron microscope
(TEM) characterization was performed on an FEI Tecnai
F20 operating at 200 kV and FEI Titan G? 80-300 operat-
ing at 300 kV. The TEM foils were prepared by ion milling
using a GATAN PIPS II 695 with an Ar ion source.

3. Results

The inverse pole figure map (Figure 1(a)) shows the
uniform equiaxed grain in the recrystallized UFG CoCr-
FeMnNi HEA. The grain size distribution is shown in
Figure 1(b), where an average grain size of 650 £ 150 nm
was determined by a linear intercept method. The engi-
neering and true stress—strain curves of tensile loading at
77 K show an ultra-high yield strength of 1240 + 15 MPa
and ultimate tensile strength of 1460 &= 18 MPa, with an
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Figure 2. The LAGB shear band under 30% tensile strain in UFG HEA at 77K. (a) Bright-field TEM image of LAGB shear band, confirmed
by (b) corresponding SAED patterns. The indices of shear band and matrix are indicated by blue and white lines, respectively. (c) Parallel
secondary nanotwins embedded in LAGB shear band, which is confirmed by the diffraction spots marked by yellow arrows in (b). (d)
HRTEM image demonstrating the boundary of the LAGB shear band with inset FFT patterns.

uniform tensile elongation of 41 £ 2%. Below ¢ = 10%,
the plastic deformation is mainly dominated by disloca-
tion dynamics, as shown in our previous study [7]. Here
we trace the microstructural evolution under different
strains at 77 K, including 20%, 30% and fractured samples
(Figure 1(d-f)). At € = 20%, dislocation multiplication
and entanglement impose significant barrier for dislo-
cation slip; instead, deformation twinning tends to be
activated (Figure 1(d)). Specifically, the flow stress rises
to 1.5 GPa, which is comparable to the critical stress of
deformation twinning ~ 1.35 GPa in CoCrFeMnNi HEA
[7]. At € = 30% strain (Figure 1(e)), the true flow stress
reaches ~ 2 GPa. Such high level of flow stress cannot
be accommodated by dislocation activities and deforma-
tion twins, and further deformation tends to be carried
by the shear bands due to the localized ultrahigh stress
concentration [12].

At € = 30%, the diffraction spots (Figure 1(h)) of
both matrix and twins are more diffuse than those of
€ = 20% sample (Figure 1(g)), and some spots (e.g. the
ones marked by white and yellow arrows in Figure 1(h),
respectively) have split into two separate spots with a
slight misorientation, which indicates the co-existence of
LAGB shear bands and twin-coupled shear band. The
dislocations can be trapped by twin boundaries and lead

to a misorientation between the twin and the matrix
[15], which may result in the twin-coupled shear band
in our work. Besides, the twin-coupled shear bands
appear to be more prevalent in the fractured HEA sample
(Figure 1(f,i)), as well illustrated by the slightly rotated
and brighter twin diffraction spots in the correspond-
ing SAED patterns. Therefore, a direct comparison of
both microstructures and corresponding SAED patterns
under € = 20%, 30%, and fractured samples indicate that
twin-coupled shear bands are favored under large strain
in UFG HEA samples at 77 K.

Closer examinations in € = 30% HEA samples con-
firm the co-existence of two different types of shear
bands, as shown in Figures 2 and 3. Figure 2(a) presents
a bright-field TEM image of the LAGB-type shear
band, which possesses a slight misorientation between
the shear band and the matrix, as confirmed by the
SAED patterns in Figure 2(b). Moreover, the diffrac-
tion spots marked by the yellow arrows in Figure 2(b)
indicate the existence of secondary nanotwins inside the
shear band. Corresponding high-resolution TEM images
(Figure 2(d)) under [110] zone axis and fast Fourier
Transform (FFT) patterns of the shear band and matrix
(insets of Figure 2(d)) further show a slight misori-
entation of ~9° between the shear band and matrix,
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Figure 3. The twin-coupled shear band under 30% tensile strain in UFG HEA at 77K. (a) Bright-field TEM image of the deformation twin-
coupled shear band. (b) The enlarged HRTEM image of the boundary of twin-coupled shear band, with corresponding FFT patterns as
insets. The indices of shear band and matrix are indicated by white and blue lines, respectively. The embedded secondary nanotwins are
marked by the yellow arrows. (c) The SAED patterns corresponding to (a) revealing the orientation relationship between the shear band

and matrix, closed to the (d) twin relation.

confirming the LAGB configuration that is consistent
with the common-observed shear band in previous stud-
ies [11,16]. Note that the shear band contains high density
of transverse secondary nanotwins and stacking faults
(SFs), as suggested by the dark-field TEM and HRTEM
images (Figure 2(c,d)).

Besides the LAGB-type shear bands (Fig. Sla), twin-
coupled shear bands are frequently observed in the UFG
HEA samples as well (Fig. S1b). The main feature of
such shear bands is the large misorientation inheriting
from the crystallographic relation of twins. Figure 3(a)
shows a twin-coupled shear band with a thickness of
~50nm. Some secondary nanotwins embed inside the
shear band, with the thickness ranging in 4-6 nm, as
indicated by the diffraction spots marked by the yel-
low arrows in Figure 3(c). Besides, the SAED pattern of
twin-coupled shear bands (Figure 3(c)) is close to that
of ideal twin structure (Figure 3(d)). In an ideal twin,
the matrix and twin are strictly symmetric to the (111)
twin boundary (TB) and the angle between crystal planes
(002)p and (002)1 should be 70.5° [17]. However, the
(002) plane of twin-coupled shear band adopts a mis-
orientation of 67° to the corresponding (002) plane of

the matrix (Figure 3(c)), which shows a deviation of 3.5°
compared with the ideal twin structure (Figure 3(d)). The
enlarged HRTEM image of Figure 3(b) shows the config-
urations of both sides of the shear band boundary. The
atomic structure in the shear band can be clearly iden-
tified, while the structure in the matrix cannot be well
imaged due to the large deviation from the ideal twin.
The inset corresponding FFT patterns confirm a misori-
entation of 67° between the shear band and matrix, which
agrees well with the SAED patterns (Figure 3(c)).
HRTEM images further reveal aligned dislocations
along the boundaries of LAGB shear band and twin-
coupled shear band, which results in the misorientation
at shear band interfaces. Figure 4(a—c) and Figure 4(d-f)
show another two examples of LAGB and twin-coupled
shear bands. Figure 4(a) shows that dense nanotwins are
embedded in LAGB-type shear band. Inset FFT pattern
in Figure 4(b) confirms a misorientation of 12° between
the shear band and the matrix, which can be regarded as
the result of a sequence of dislocations re-arrangement
at the boundary [18,19]. Dense dislocations with the
Burgers vector of 1/2101. Dense dislocations with the
Burgers vector of 1/2101] aligned along the boundary,
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Figure 4. Aligned dislocations on the boundary of (a—c) LAGB and (d—f) twin-coupled shear bands. (a) LAGB shear band with the
embedded secondary nanotwins. (d) Twin-coupled shear band with the embedded secondary nanotwins.

coordinating the misorientation across the shear band
interface (Figure 4(c)). This observation supports the
previous viewpoint that the LAGB-type shear bands are
caused by dislocation movements [12,20]. Similarly, the
boundary of twin-coupled shear band also consists of
orderly-aligned dislocations with the Burgers vectors of
1/2[101] (Figure 4(d-f)), which leads to the deviation
from the ideal twin orientation. Specifically, the dihe-
dral angle between (002) planes in twin-coupled shear
band and matrix is 64°, showing a deviation of 6.5° com-
pared to the ideal twin structure (with an angle of 70.5°
corresponding to the (002) planes between the twin and
the matrix), induced by the densely-aligned dislocations
at the shear band boundary (Figure 4(e-f)).

4. Discussion

Statistical measurements in Figure 5 show that the mis-
orientation angles across the boundary of LAGB shear
band mainly distribute in the range of 6-12°, while
it is 56-67° for the twin-coupled shear band (with a
deviation of 4.5-14.5° from the ideal twin structure).
The formation of LAGB shear band is known as the
results of the arrangement of dislocations; while, the
twin-coupled shear band structure should be induced by
dense dislocation-TB interactions. A previous HRTEM
study has reported that dislocations can be trapped by
TBs and lead to a misorientation between the twin and
matrix during severe plastic deformation [15]. In our

experiments, deformation twins and dense dislocation
slip occur simultaneously at the middle stage of cryogenic
tensile test (Figure 1(d)). Given that TB can not only act
as the effective barrier for dislocation motion but also as
the accumulation site for dislocation piling-up [21,22],
the high density of deformation twins formed during the
middle stage of tensile test increases the probability of
dislocation-TB interactions. As the dislocations accumu-
late at TBs, the TBs will gradually lose their coherency,
leading to the tilt of TBs (Figure 3(b)). As a result, the
shear bands continuously evolve with the deformation.
Considering that annealing twins are common in the
heat-treated samples, e.g. our UFG samples [23], the
dense dislocation-TB interactions can also turn a large
annealing twins to a twin-coupled shear band. However,
the thicknesses of annealing twin-coupled shear bands
(with the typical size of hundreds of nanometers, e.g
290 nm in Fig. S2) are much larger than that of defor-
mation twin-coupled shear bands (with the typical size of
tens of nanometers, e.g. 50 nm in Figure 2), due to the sig-
nificant thickness differences between the annealing and
deformation twins (Fig. S3). Therefore, annealing twins
should be also important precursor for the formation of
twin-coupled shear bands. Compared with coarse grain,
UFG materials tend to form plastic localization due to
the limited strain-hardening capability in small grains,
inducing premature necking with limited uniform elon-
gation [24,25]. Our previous work has revealed the grain
size dependence of uniform elongation in CoCrFeMnNi
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Figure 5. (a) The misorientation distribution for LAGB and twin-coupled shear bands in € = 30% sample. (b) Schematic illustration of

the formation of LAGB and twin-coupled shear bands, respectively.

HEAs [26], where the uniform elongation decreases with
the reduction of grain size in the temperature range
of 77-873 K. A reduction of uniform elongation causes
an early occurrence of plastic localization correspond-
ing to plastic instability. Secondly, the occasional small
grain below the average size (Figure 1(b)) in UFG HEA
enhances the propensity for the grains to orient them-
selves along the direction of maximum shear stress and
the associated geometric softening triggers the shear
localization and plastic instability [27]. Besides, the com-
bined large true flow stress of ~ 2 GPa (at 30% tensile
strain) and low mobility of dislocations under cryogenic
temperature further facilitate the formation of shear
bands by stimulating deformation twins. Further dislo-
cation activities activated by the localized stress concen-
tration tend to generate the shear bands. Therefore, the
regions of dislocation pile-up and annealing/deformation
twins might become precursors for shear band nucle-
ation [13,28]. During this process, some dislocations can
also transmit across the boundary, inducing secondary
nanotwins inside the shear band [29,30]. Thus, the shear
bands show a typically mixed feature of embedded nan-
otwins and LAGB/HAGB boundaries (Figure 5(b)).
Generally, macroscopic shear bands are formed when
local sites of microcosmic shear bands and the max-
imum shear stress are roughly aligned [20]. Due
to the restriction of crystallographic orientation of
annealing/deformation twin, the generation of macro-
scopic shear bands from the twin-coupled shear bands
requires much higher local stress than that from LAGB
shear bands in UFG HEA. Consequently, the energy-
consuming mechanism of twin-coupled shear band can
delay the shear localization and improve the deformabil-
ity of UFG HEAs while competing with the LAGB shear
band. A supporting example is a higher elongation in
UFG HEAs at 77 K than that at 273 K under tensile test

[7]. Deformation twins in UFG HEAs can be activated
preferentially at 77 K and the twin-coupled shear band
can compete with LAGB shear band to delay the plastic
localization, due to its higher energy consumption.

5. Conclusion

In summary, two types of shear bands, i.e. the common-
observed LAGB shear band and the unusual twin-
coupled shear band are observed during the tensile test in
an UFG CoCrFeMnNi HEA sample under a large strain.
The twin-coupled shear bands typically exhibit a mis-
orientation in the range of 56-67° with respect to the
matrix, while the LAGB shear bands possess a misorien-
tation of 6-12° with respect to the matrix. Both annealing
twins and deformation twins can serve as precursor for
twin-coupled shear bands, during which orderly-aligned
dislocations along the boundaries can accommodate the
misorientation between the shear band and the matrix.
These findings elucidate twinning-coupled shear bands
as an important plastic carrier in materials deformed
under extreme conditions.
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