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Deformation twinning was observed in a nanostructured CoCrFeNi
high-entropy alloy processed by cold rolling. A three-layer twin with
two incoherent twin boundaries was identified using high-resolution
transmission electron microscopy, and its twinning mechanism was
analyzed. Twinning is formed by dissociated dislocations meeting on
the adjacent slip plane. This twinning mechanism possibly works for
low-SF materials with high dislocation density.

Introduction

High-entropy alloys (HEAs) are a new class of alloys consisting
of multiple (five and more) components in equimolar or near-
equimolar ratios."” In recent years, HEAs have attracted great
attention due to their attractive properties such as high
strength,>* high ductility,>* high hardness,>® high fracture
toughness” and ability to form nanoparticles for excellent
durability electrocatalysts.®

Twinning is a significant crystalline defect due to its poten-
tial to simultaneously improve the strength and ductility of
nanostructured (NS) materials.®** High-strength nanotwinned
Cu® and gradient nanotwinned Cu' with favorable ductility
have been manufactured. In face-centered cubic (FCC) mate-
rials, twinning is generated by Shockley partial dislocations
gliding on successive slip planes,”** and this deformation
process is determined by the intrinsic material properties and
deformation conditions. In general, a low stacking fault energy
(SFE), nano-sized grain, high strain rate'® and cryogenic
deformation'** promote the tendency of deformation
twinning.

The twinning mechanisms have also been widely investi-
gated. In coarse-grained materials, their dislocation sources
locate at grain interiors, and twinning is generated by pole
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mechanisms," faulted dipoles'® and prismatic glide."” When
the grain size decreases to the nanoscale, grain boundaries
(GBs) become the main dislocation sources, and twinning is
generated differently. Zhu et al.*® proposed a dislocation reac-
tion and cross-slip mechanism on the grain boundary. Narayan
et al.® proposed a cross-slip deformation twinning model.
These mechanisms produce a macroscopic strain, which is not
energetically favorable; therefore, they generally operate at
high-stress conditions. Wu et al.>® proposed an energy-favorable
twinning mechanism: the random activation of partials (RAP),
wherein the Burgers vectors sum of twinning dislocations is
zero and the twinning is of zero macroscopic strain. Wang
et al.”* observed a new detwinning mechanism by the gliding of
incoherent twin boundaries (ITBs). Liu et al.** proposed that
both twinning and detwinning mechanisms could be accom-
plished via the nucleation and migration of ITBs in low stacking
fault energy metals. An et al.*>® suggested that ITBs may be
nucleated via the synchronized emission of three partials
(bi:by:bs) from a GB. This process is similar to the twinning
mechanism via cooperatively activated partials (CAP),> wherein
three Shockley partial dislocations with a zero sum Burgers
vector are activated synchronously. In addition, Shockley partial
dislocations could be nucleated from two GBs in NS materials.
In a related experimental study, Zheng et al.>® observed alter-
nating emission mechanisms in nano-sized Cu/Nb multilayers;
the formation of twinning was observed via the alternating
emission mechanism over sequential emission of the same
twinning dislocation on adjacent twinning planes. In another
related study, Hunter et al.>® predicted that this alternating
emission mechanism is energetically favorable because it
accommodates strain yet removes debilitating backstresses.
Zhang et al.”” investigated the twinning behavior in the CrCoNi
medium-entropy alloy, where three-layer twinning can be
formed by a three-layer stacking fault. Wang et al.® observed
deformation twinning initiated through the formation of two
stacking faults separated by a single atomic layer, and pro-
ceeded with the emission of a partial dislocation in between
these two stacking faults. Ding et al.>® observed that a nanotwin
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with three atomic layers is formed by three partial dislocations
slip, and the Burgers vector of the three partial dislocations
is zero.

Inspection of the published scientific literature indicates
that GBs play an important role in the twinning of NS materials;
deformation twinning is usually generated from the GBs.
Interestingly, in the present cold rolled NS CoCrFeNi high-
entropy alloy (HEA), nano-sized twinning was observed at the
grain interiors. Its features were characterized by high-
resolution TEM (HRTEM), and the twinning mechanism was
analyzed and discussed.

Experimental

The CoCrFeNi HEA were prepared by arc-melting a mixture of
pure metals under a high-purity argon atmosphere, and the
HEA was re-melted 5 times to improve its chemical homoge-
neity. The ingot was homogenized at 1473 K for 12 h, followed
by hot forging at 1273 K; the HEA was then cold rolled at room
temperature with 82.5% reduction (to ~1.67 mm). Tensile
specimens with a gauge length of 9 mm and a width of 2 mm
were cut from the cold rolled and annealed sheets, and the
specimens were polished before the tensile tests. Tensile tests
were conducted at a strain rate of 5 x 10~* s~' at room
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temperature using an Instron 5960 testing machine. The
microstructures were characterized and HRTEM was performed
on a Titan ETEM G2 apparatus. The TEM samples were
prepared on a twin-jet electropolishing apparatus (Tenupol-5)
using a solution of 5 vol% perchloric acid and 95 vol%
ethanol at room temperature. Phase characterization was
carried out by X-ray diffraction (XRD) using a Rigaku D/MAX-
2500 diffractometer equipped with Cu radiation in a 26 range
from 20° to 120°.

Results and discussion

Fig. 1a shows a typical planar-view scanning transmission
electron microscopy (STEM) bright-field (BF) micrograph of the
cold rolled HEA. The typical microstructures of cold rolled HEAs
are very tiny and consist of nanograins (N), elongated nano-
grains (E) and nanotwins (NT). The chemical composition
distribution of the HNS HEAs was measured by STEM EDS
mapping as shown in Fig. 1b, showing the uniform distribution
of all the principal elements. Fig. 1c shows the XRD pattern of
the cold rolled HEAs. All the diffraction peaks can be indexed
assuming a single face-centered cubic (FCC) phase. Represen-
tative tensile true stress vs. strain curves of the cold rolled (NS)
HEAs at room temperature are shown in Fig. 1d. The NS HEAs
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Fig.1 Microstructures of the cold rolled NS HEA: (a) STEM BF image of the cold rolled NS HEA, showing several micrometer-size grains with high
dislocation density. (b) EDS maps of the cold rolled NS HEA, showing no deviation from the chemical composition. (c) XRD patterns of the cold
rolled NS HEA, showing a single FCC structure. (d) Tensile engineering stress—strain curves of the cold rolled NS HEA.
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Fig. 2 Microstructure of twinning in the cold rolled NS HEA: (a) typical
TEM BF micrograph of twinning, showing a high density of dislocations
at the twin interiors. (b) The twin thickness distribution.

exhibit high yield strength (~1070 MPa) and high ultimate
tensile strength (~1250 MPa), but their ductility is very limited,
and the uniform elongation and failure elongation are ~1.8%
and ~11.5%, respectively.

Fig. 2a shows a typical bright-field (BF) micrograph of the
nanotwin lamellae in the cold rolled HEA as well as the selected
area electron diffraction (SAED) pattern verifying the twinning
relationship between the matrix and twin lamellae. The twin
thicknesses fall in the range of ~4 nm to ~117 nm with the
average grain size being ~27 + 5 nm, as shown in Fig. 2b. In
addition, Fig. 2a presents the high density of dislocations at the
lamellae interiors.

In order to observe the twin lamellae more clearly, HRTEM
micrographs were obtained on the [011] axis. As shown in
Fig. 3a, three coherent twin boundaries (CTBs) indicate that
there are two nanotwins 6.2 nm and 18.3 nm in thickness,
labeling with “T”. A plane defect with a width of 7.2 nm on the
(111) plane is marked with a quadrilateral. Fig. 3b presents an
enlarged image of the quadrilateral zone of Fig. 3a, which

© 2022 The Author(s). Published by the Royal Society of Chemistry
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clearly shows that the plane defect is a three-layer twin enclosed
with two incoherent twin boundaries (ITBs). The configurations
of the two ITBs are different; the width of ITB-1 is shorter than
that of ITB-2. Careful analysis indicates that the ITBs were
composed of four partial dislocations: P,q, Py,, Py3 and P,4. TO
determine the types of the partial dislocations, the Burgers
circuits of those dislocations were drawn (P,; and P,; in Fig. 3¢;
Py, and P,, in Fig. 3d). Then, the projection vectors of the
Burgers vectors of the four dislocations on the (011) plane can

a._ a a a
be measured as —[211], —[211], —[211], and — [211], where
6 12 12 12

a = 0.3559 nm?**** is the lattice constant of the CoCrFeNi HEA,
which corresponded to dislocations P,q, Py, Py3 and P4, as
shown in Table 1. By matching the measured projection vectors
with the calculated Burgers vectors of all of the possible partial
dislocations present in FCC materials (ref. 32), the Burgers

. . . a
vectors of the four dislocations are determined to be 3 [211],
a_ . a a— - . . .
‘ [121], 6 [112], and ‘ [121], corresponding to dislocations P,;,
P,,, P,; and P,,, as shown in Table 1.

Fig. 4 presents a similar nanotwin with a width of 3.4 nm in
the middle of a matrix lamella. The configuration of ITBs here is
different from the ITBs in Fig. 3, although they have the same
width. Further analysis of the structure of the two ITBs shows
that they are composed of four partial dislocations: Ps;, Ps,, P33
and P;,. The Burgers vectors were also determined by drawing
Burgers circuits surrounding the partial dislocations, as shown
in Fig. 4c and d. The Burgers vectors of the four dislocations are

. a. . a_ _ a a. -
determined to be 6[112}, g[121], g[_u], and 6[121}, corre-
sponding to dislocations Pz;, Ps,, P33 and Ps4, as shown in
Table 1.

Fig. 5 presents another nanotwin configuration that consists
of a 6.2 nm wide nanotwin and two full dislocations. The
Burgers vectors of four partial dislocations in the ITBs and two
full dislocations were identified. Their Burgers vectors are
a
Al

. a. _. a.__ _. a a
determined to be 6[121]’ 8[211]’ . 121], g[ﬁz], 5[101] and

a._ _ . . .
2 [101], corresponding to dislocations Py, Psy, Pas, P4, F4q and

F4,, as shown in Table 1. Obviously, F,; and F,, have the same
Burgers vector with opposite signs, and they locate at the
adjacent slip plane ({111} plane) with ~1.0 nm. Therefore, it can
be determined that F,; and F,, constitute a dislocation dipole.

Discussion

In NS materials, twinning can be formed through a series of
Shockley partials emitted from GBs. For the GBs to be partial
dislocation sources, one of the twin boundaries must be on the
GBs. This configuration has been verified by experiments and
molecular dynamics (MD) simulations.**?¢ In the present study,
a three-layer twin was observed at the matrix interior with two
ITBs. Therefore, it may be formed by other mechanisms. As
Fig. 2 shows, a large number of dislocations are stored at the
lamellae interiors. In low-SFE FCC materials, a full dislocation
usually dissociates into two Shockley partials and an SF to
a lower dislocation energy;'” when two dissociated dislocations
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Fig. 3 HRTEM of twinning in the cold rolled NS HEA: (a) low-magnification HRETM micrograph of the twins, showing the presence of plane
defects marked using white squares. (b) High-magnification HRTEM micrograph of the square zone of (a), showing a 7.3 nm wide twin with two
incoherent twin boundaries (ITBs). (c) Enlarged IFFT micrographs of ITB-1 containing the two partial dislocations with the surrounding Burgers
circuits. (d) Enlarged IFFT micrographs of ITB-2 containing the two partial dislocations with the surrounding Burgers circuits.

Table 1 The measured and calculated parameters of the crystal defect configurations based on the high-magnification HRTEM images

Source of crystal

Projection vector of the

Burgers vector

defect configuration Partial dislocation Burgers vector of partial dislocation of partial dislocation
Fig. 2 Py g[iu} %[511}
Pa % 211] % (121
Py % 211] g [112)
Py % 211] g 121
Fig. 3 P, % 211] g (12]
P, % 211] g (121
Psy % 211] g (2]
Pss % 2T1] % [121]
Fig. 4 Fi %[211] g[l‘)l}
Faz 2] 5 to1]
Py % [2171] % (21
Pio Lt L)
Py %[211] g[lil]
Py % 211] % [12]
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Fig. 4 HRTEM of twinning in the cold rolled NS HEA: (a) low-magnification HRETM micrograph of the twins, showing the presence of plane
defects marked using white squares. (b) High-magnification HRTEM micrograph of the square zone of (a), showing a 3.4 nm wide twin with two
incoherent twin boundaries (ITBs). (c) IFFT micrographs of the nanotwin with the two Burgers circuits surrounding the two partial dislocations Pz,
and Ps,. (d) IFFT micrographs of the nanotwin with the two Burgers circuits surrounding the two partial dislocations Pzz and Pz4.

meet on the adjacent slip plane, the parallel partial dislocations
attract each other to reduce the lattice distortion and form
a three-layer twin.

Suppose the three-layer twin was formed by two full dislo-
cations on the adjacent slip plane. The whole dislocation
Burgers vector of the atomic (111) plane shown in Fig. 3 was
calculated by the sum of partial dislocations:

CRU(P) + [20(Po)— S[10]  and  2[112](Pw)+

a a L . . .
gﬁzﬂ(PM)—» E[Olﬂ. Considering that the dislocation line

aligns very closely to the direction of the electron beam?®**
. a. a. . .
[011], > (110] and > [011] are a 60° full dislocation and a screw

full dislocation, respectively.

The dislocation Burgers vectors of the atomic planes in Fig. 4
and 5 were also calculated: g [112](P31) + g [121](P32) — g[oﬁL
a— a, - a. _
c [112](Ps3) + c [121](P34) — 2 [011],
a a. a. - a. a. —

A [211](Pyy) — 3 [170] and A [121](Py3) + A [112](Pss) — 3 [011].

¢ 2P+

Clearly, g[mﬂ and g[oﬁ] are two screw full dislocations, and

© 2022 The Author(s). Published by the Royal Society of Chemistry

g[TlO] is a 60° full dislocation. It can be concluded that the

three-layer twin in Fig. 4 was formed by two screw dislocations,
and the twin in Fig. 5 was formed by a 60° full dislocation and
a screw dislocation.

The SF of the CoCrFeNi HEA has been calculated by density
functional theory (DFT) simulations;*”*® its SF is only ~34 mJ
m 2 In such low SF metals, full dislocation dissociation is
energetically favorable, and the equilibrium width of the
dissociation SF can be calculated as follows:®

g Gbp22—1/< B 2ucoszﬁ)

T8y 1—v 2—v (1)
where G is the shear modulus, b, is the Burgers vectors of the
partial dislocation, v is the stacking fault energy, v is the Pois-
son ratio and @ is the full dislocation angle. For the present
CoCrFeNi HEA, G = 84 GPa,* b, = 0.145 nm,*® » = 0.33 (ref. 9)
and vy = 34 mJ m 2% and @ is 60° and 0° for a 60° full
dislocation and a screw dislocation, respectively. The equilib-
rium SF width is 6.0 nm and 3.0 nm for the dissociation of a 60°
full dislocation and a screw dislocation, respectively. These

Nanoscale Adv., 2022, 4, 3711-3717 | 3715
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Fig.5

(@) HRTEM micrograph of a 6.2 nm wide twin connected with two dislocations F4; and F4,. (b) The Burgers circuits surrounding F4; and F4»

and the enlarged IFFT micrographs of the nanotwin enclosed by four partial dislocations P41, P42, P43 and P44. (c) and (d) The Burgers circuits

surrounding the dislocations.

theoretical results exactly correspond to the width of the three-
layer twin shown in Fig. 4 and 5.

In addition, partial dislocation pinned by faulted dipoles was
observed in Fig. 5, indicating that gliding partial dislocations
can be pinned on the slip plane by other defects, which
increases the probability of interaction of the partial disloca-
tions on the adjacent plane to generate a three-layer twin.

In summary, a three-layer twin has been observed in a cold
rolled CoCrFeNi HEA, which may be formed by two dissociated
full dislocations meeting on the adjacent slip plane. This
twinning mechanism possibly works for low-SF materials with
high dislocation density.
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