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Recently,  the  eutectic  high-entropy  alloy  (EHEA),  AlCoCrFeNi2.1, can  reach  a good  balance  of strength
and  ductility.  The  dual-phase  alloy  exhibits  a  eutectic  lamellar  microstructure  with  large  numbers  of
interfaces.  However,  the  role of  the  interfaces  in  plastic  deformation  have  not  been  revealed  deeply.
In the  present  work,  the  orientation  relationship  (OR)  of the  interfaces  has  been  clarified  as  the
Kurdjumov-Sachs  (KS)  interfaces  presenting
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of their  morphologies.  There  exist  three  kinds  of  interfaces  in the  EHEA,  namely,  (321)B2||(112)FCC,
(011)B2||(332)FCC, and  (231)B2||(552)FCC. The  dominating  (321)B2||(112)FCC interface  and  the  secondary
(011)B2||(332)FCC interface  are  both  non-slip  planes  and atomistic-scale  faceted,  facilitating  the nucle-
ation  and  slip transmission  of the  dislocations.  The  formation  mechanism  of the  preferred  interfaces  is
revealed  using  the  atomistic  geometrical  analysis  according  to the  criteria  of the low  interfacial  energy
Dislocation based  on  the  coincidence-site  lattice  (CSL)  theory.  In  particular,  the  ductility  of  the  dual-phase  alloy  orig-
inates  from  the  KS  interface-induced  slip  continuity  across  interfaces,  which  provides  a  high  slip-transfer
geometric  factor.  Moreover,  the strengthening  effect  can  be attributed  to  the  interface  resistance  for  the
dislocation  transmission  due  to the  mismatches  of  the  moduli  and  lattice  parameters  at  the  interfaces.
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. Introduction

High-entropy alloys (HEAs) [1,2] have attracted the increasing
ttention due to their excellent properties, such as high phase sta-
ility [3,4], excellent hydrogen storage capacity [5,6], great fatigue
roperty [7,8], and high radiation damage tolerance [9–12]. It is
elieved that HEAs are the most promising structural materials in

he future.

Usually, the most researched HEAs show simple single-phase
ace-centered-cubic (FCC) or single-phase body-centered-cubic
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(BCC) structures [13–16]. While the FCC and BCC HEAs show
either the low yield strength (< 400 MPa) or inferior ductility
[14,16,17]. Recently, we reported that a eutectic high-entropy alloy
(EHEA), AlCoCrFeNi2.1, comprising alternate lamellae of soft FCC
and hard ordered BCC (B2) phases, can achieve a good balance of
strength (yield strength 546.4 MPa, ultimate strength 1046 MPa)
and ductility (tensile elongation 17.7 %) [18]. Then, researchers
have focused on adjusting the microstructure of AlCoCrFeNi2.1 by
various thermo-mechanical processes to optimize the mechanical
properties [19–21]. For instance, tuning the size of each phase of
the eutectic alloys has been applied to optimize the strength [22].
However, the deformation mechanisms of the EHEA have not been
understood well. Gao et al. [23] studied the microstructural ori-
gins of the high strength and good ductility of the AlCoCrFeNi2.1
EHEA from an aspect of the deformation mechanism of each phase,
respectively. It was reported that deformation of the L12 phase was
dominated by the planar dislocation gliding on the {111}〈110〉 slip
systems, and the B2 phase deformed by the dislocation slipping on
{110} slip planes [23]. But the Burgers vector of dislocations in the
B2 phase has not been clarified, and the dislocation interaction with
the phase boundaries (interfaces), which exist in large numbers in
the EHEA, has yet been revealed.

The interface, in particular, its orientation relationship (OR) and
atomic structure, plays an important role in mediating proper-
ties of dual-phase materials [24–27]. For example, the interface
can mediate the nucleation of dislocations in the adjoining phases
[24,25]. Moreover, the interface has important effects on the over-
all mechanical response of materials, such as the plastic-strain
recovery and plastic instability, due to different dislocation inter-
action mechanisms with the interfaces [26,27]. For the case of the
AlCoCrFeNi2.1 EHEA, there are high dense inter-phase boundaries
(interfaces). A better understanding of the abovementioned char-
acteristics of the interfaces in the eutectic alloys is scientifically and
technologically meaningful for designing high-performance EHEAs.

In the present study, we attempt to identify the crystallo-
graphic OR and atomic-scale structure of the B2-FCC interface in the
EHEA AlCoCrFeNi2.1. Furthermore, we explore the effects of the B2-
FCC interface on the deformation compatibility and strengthening
mechanism in the EHEA AlCoCrFeNi2.1.

2. Experimental procedures

The EHEA with the nominal composition of AlCoCrFeNi2.1 (ele-
ments in atomic ratios) was produced by vacuum induction melting
using commercially-pure elements (Al, Co, Ni: 99.9 wt percent
(wt.%); Cr, Fe: 99.5 ∼ 99.6 wt.%) and casting as described in our
previous work [18].

The scanning electron microscopy (SEM) and electron backscat-
tering diffraction (EBSD) observations were conducted, using a
Hitachi SU-70 field emission gun scanning electron microscope
(FEG-SEM) equipped with an Oxford Nordalys detector. The EBSD
samples were prepared by mechanical polishing and then ion etch-
ing for 30 min  using an LKY-AB ion milling system (Huaye vacuum,
Shenyang, China). The EBSD data were acquired with a 100 nm-
step size. The EBSD data were analyzed, using the CHANNEL 5
software [28]. The transmission electron microscopy (TEM) obser-
vations were performed in a FEI Tecnai G2 F30 TEM and a FEI Titan
cube 60–300 TEM operated at 300 kV. The TEM samples after the
tensile test were extracted from the tensile specimen tested at room
temperature, reported in the our previous work [18].

The nanoindentation experiments were conducted, using a

Hysitron tribo-indenter equipped with a diamond Berkovich-
shaped indenter. Prior to indentation tests, marks were made with
a cross as the coordinate. Indents were mapped as a 2 × 10 pattern
with the first indent located at the position (100 �m,  -100 �m).
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wo  adjacent indents were spaced ∼ 100 �m to avoid the overlap-
ing effect. A maximum load of 5,000 �N was  used to minimize the

ndentation-size effect. The loading time was 15 s. All nanoindenta-
ion tests were performed at ambient temperatures. The measured
hear moduli of the B2 and FCC phases were obtained from the
verage elastic-moduli values of the indentations inside each phase
ccording to SEM observation of the as-cast EHEA AlCoCrFeNi2.1
ample with the pre-marked coordinate.

To reveal the formation mechanism of the interfaces with spe-
ific OR, the atomistic models were built and analyzed by shifting
nd rotating the single crystal to meet the required OR with the
onsideration of the maximum coincidence-site lattice (CSL) across
he interface [29,30]. In modelling, the experimentally-determined
attice constant of 2.875 Å is used for the B2 structure, while
he value of 3.598 Å for the FCC structure. Note that more direct
nd reliable interfacial energies may  be obtained by molecular
tatic/molecular dynamics (MS/MD) simulations, and yet the cor-
esponding interatomic potentials for multicomponent HEAs have
ot been available so far. Nevertheless, our present geometrical
nalysis of interfaces may  provide a qualitative approximation on
he interfacial energy according to the proposed “geometric cri-
eria for the low interfacial energy” by Sutton and Balluffi [31].
o apply this criterion for the present complicated heterogeneous

nterfaces, some further assumptions are proposed for simplifica-
ion, and the detailed analysis will be provided in the discussion
ection. For the visualization of the atomistic-scale structure, we
dopted the OVITO program in the present study [32].

. Results

.1. Orientation relationship

Basically, the strength and ductility of the interface-dominated
aterials depend on the interface-dislocation interaction, which is

ignificantly controlled by the interface OR and atomistic structure.
o reveal the mechanism for the good balance of high strength and
ood ductility in the EHEA alloy, we identify the B2-FCC OR first.

The OR between the B2 and FCC phases in the cast EHEA was
nalyzed by EBSD. Fig. 1(a) is a combined phase image-quality (IQ)
ap  showing the microstructure of the as-cast AlCoCrFeNi2.1 EHEA.

he eutectic alloy exhibits two typical morphologies: flat lamellae
nd globular platelets. In Fig. 1(a), the B2 and FCC phases are shown
n blue and red, respectively. The average lamellar spacings of the
2 and FCC phases are 1.22 ± 0.58 �m and 2.61 ± 1.21 �m,  respec-
ively. Two grains are scanned in Fig. 1(a), and the grain boundary
s indicated by a white dotted line. To see the orientation feature,
he inverse pole figure (IPF) images of the B2 and FCC phases are
isplayed in Fig. 1(b). In both grains, the B2 phase maintains an
pproximately-constant crystallographic orientation with misori-
ntation angles less than 1.5◦, while the FCC phase exhibits two
ifferent crystallographic orientations with a misorientation angle
f 60◦, and within each orientation, the misorientation angles are
lso less than 1.5◦, as shown in Fig. 1(c and d). Consequently, there
xist two kinds of OR variants for the FCC phase, which will be
emonstrated to be twin related by TEM study, referred to as V1
nd V2.

The OR of the B2-FCC eutectic was  determined by superposing
ole figures of the B2 and FCC phases (Fig. 2) corresponding to the
ight grain in Fig. 1. To show the two  variants of the EHEAs clearly,
he right grain was  rotated simultaneously to make the [1 11]B2
irection parallel to the normal direction of the sample (denoted by

0), and the [110]B2 direction parallel to the horizontal direction of
he sample (denoted by X0). The overlap regions of the pole figures
re marked with the black color. The crystal-orientation distribu-
ion displayed by pole figures in Fig. 2 indicates that the OR of the
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Fig. 1. (a) The combined phase image-quality (IQ) map  showing the representative microstructure of the as-cast EHEA. (b) Inverse pole figure (IPF) map  along the normal
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direction of the sample (denoted by Z0) of the as-cast EHEA. (c) The misorientation
lamellae,  respectively. (d) The misorientation angles of the point to the starting poin
FCC  phase.

B2-FCC eutectic is <111>B2||<110>FCC and {110}B2||{111}FCC, which
are known as KS OR between the FCC and BCC phases [33,34]. As
mentioned above, the two crystallographic orientations of the FCC
phase in V1 and V2 are twin-related with a misorientation angle of
60◦. If V1 is written as [1 11]B2||[1 10]FCC and (110)B2||(111)FCC, V2
can be written as [1 11]B2||[01 1]FCC and (110)B2||(111)FCC.

3.2. Interface structure

Except for the OR, the atomistic structure of the interface plays
a key role in the interface-dislocation interaction too. Fig. 3(a) is
a bright-field TEM image and its corresponding composite diffrac-
tion pattern of the flat interfaces. The composite diffraction pattern
shows the KS OR between the two phases, i.e., [1 11]B2||[1 10]FCC
and (110)B2||(111)FCC. A simulated composite diffraction pattern
based on the KS OR as presented in Fig. 3(c), has been used to iden-
tify the interface planes. In this way, the interface planes of the flat
lamellae indicated by the yellow-dotted line in Fig. 3(a) are iden-
tified to be (321)B2||(112)FCC. As for the globular platelets, the OR
remains the same as that in the flat lamellar region, as presented by
the corresponding composite-diffraction pattern in Fig. 3(b). Typ-
ical interfaces of the globular platelets, indicated with yellow and

aqua blue dotted lines, are determined to be (321)B2||(112)FCC and
(01 1)B2||(332)FCC, respectively.

As mentioned above, there are two OR variants in the as-
cast EHEA. The two crystallographic ORs in the FCC phase are

i
i
g
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s of the point to the starting point along lines 1 and 2 in.(a) inside the FCC and B2
g line 3 in.(a) crossing the two different crystallographic-orientation regions in the

emonstrated to be twin-related by TEM analysis. Fig. 4(a) is a
right-field TEM micrograph showing the growth twins in the as-
ast EHEA with the composite diffraction pattern of V1, V2, and
2 phases at the top right corner. In particular, the twin rela-
ionship in the FCC phase is indicated by the red (V1) and green
V2) patterns, and the blue pattern is corresponding to the B2
hase. To present the two OR variants and their interfaces clearer,

 corresponding schematic has been exhibited in Fig. 4(b). The
1, V2, and B2 phases are represented in red, green, and blue,

espectively. Thus, owing to the growth twin, there are five kinds
f interfaces marked with yellow, black, rose red, orange, and
lue dotted lines in Fig. 4(a and b). To identify the interfaces,

 simulated composite diffraction pattern of the B2, V1, and V2
hases is presented in Fig. 4(c), in which the arrows perpendicu-

ar to the dotted lines indicate the interface planes. The interfaces
orresponding to yellow, black, rose red, orange, and blue dot-
ed lines are (321)B2||(112)V1, (321)B2||(255)V2, (231)B2||(552)V1,
231)B2||(211)V2, and (111)V1||(111)V2, respectively. Among these
nterfaces, the (111)V1||(111)V2 interface is the twin interface.
ue to the high symmetries of the B2 and FCC phases, the

321)B2||(112)V1 interface is equal to the (231)B2||(211)V2 interface,
nd the (231)B2||(552)V1 interface is equal to the (321)B2||(255)V2

nterface. Thus, there exist a small number of (231)B2||(552)FCC
nterfaces in the EHEA alloy, as shown in Fig. 4, due to the
rowth twins of the FCC phase. In general, (321)B2||(112)FCC is
he dominating interface, (011)B2||(332)FCC is the secondary inter-
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Fig. 2. Overlapped pole figures from the EHEAs within the right grain showing the two variants of the 〈111〉B2||〈110〉FCC and {110}B2||{111}FCC OR: (a) V1: [1 11]B2||[1 10]FCC

and (110)B2||(111)FCC; (b) V2: [1 11]B2||[01 1]FCC and (110)B2||(111)FCC. The right grain was  rotated simultaneously to make the [1 11]B2 direction parallel to the normal
direction of the sample (denoted by Z0) and the [110]B2 direction parallel to the horizontal direction of the sample (denoted by X0).

-dott
1)B2||

 with

c
(
a
c
m
w

Fig. 3. (a) Flat lamella with the (321)B2||(112)FCC interface indicated with a yellow
Globular  platelet morphology showing the same OR presenting the interfaces, (32
respectively. (c) A simulated diffraction pattern of the composite diffraction pattern

face, and (231)B2||(552)FCC is the least interface in the as-cast
EHEA.

To reveal atomistic-scale feature of the dominated interfaces in
the EHEA, we conducted the high-angle annular dark-field high-
resolution scanning transmission electron microscopy (HAADF-
HRSTEM) investigation. Fig. 5 exhibits typical HAADF-HRSTEM

images showing the atomistic-scale interfacial structures of the
(321)B2||(112)FCC and (01 1)B2||(332)FCC interfaces, viewed along
the [1 11]B2||[1 10]FCC direction. The HAADF-HRSTEM images indi-
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ed line and the corresponding composite diffraction patterns of both phases. (b)
(112)FCC and (011)B2||(332)FCC, indicated with yellow and aqua blue dotted lines,

 the KS OR to determine the exact interface in (a and b).

ate that the interfaces are atomistic-scale faceted. In specific, the
321)B2||(112)FCC interface comprises alternated (110)B2||(111)FCC
nd (101)B2||(001)FCC facets, and the (01 1)B2||(332)FCC interface
omprises (110)B2||(111)FCC and (01 1)B2||(11 1)FCC facets. Also, no
isfit dislocations are observed at the (321)B2||(112)FCC interface,
hile one set of misfit dislocations distribute regularly with a spac-
ng of about 1.19 nm at the (01 1)B2||(332)FCC interface. The misfit
islocations will interact with the deformed dislocations to help
trengthen the material, which will be discussed in the discussion
ection.
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Fig. 4. (a) A bright-field TEM micrograph showing the growth twin in the as-cast AlCoCrFeNi2.1 EHEA with the corresponding composite selected area electron diffraction
(SAED)  pattern of the B2, FCC matrix (V1), and FCC twin (V2) inset at the top right corner. (b) A sketch map  of the corresponding interface planes due to the growth twin in
the  FCC phase. (c) A simulated diffraction pattern of the composite diffraction pattern with the two KS ORs to determine the exact interfaces formed along with the growth
twin.

Fig. 5. HAADF-HRSTEM images of (a) (321)

Table 1
Invisibility criterion for diffraction and Burgers vectors of the dislocations in the
FCC phase of Fig. 6. “

√
” and “×” represent the dislocation invisibility and visibility,

respectively.

Operating reflection
Burgers vectors of dislocations

±[110] ±[101] ±[101] ±[011]

g = (111)
√ √ × √

g  = (111) × × √ √

b
r
a
=
a
B
t
v
p
e
d

u

w
t
l
c
l
t
d

E
t
i
p

g  = (200)
√ √ √ ×

g  = (002) × √ √ √

3.3. Interface-dislocation interactions during deformation

After clarifying the OR and atomistic structure of the interface,
we investigated the interface-dislocation interaction mechanisms
of the bi-phase EHEA. The post-mortem TEM characterization was
performed, using the diffraction-contrast TEM imaging technique.
Fig. 6 presents the typical images of dislocations in the FCC phase.
Dislocation glide is strongly localized on a distinct set of {111}-
type FCC lattice planes. By applying the g·b = 0 invisibility criterion
(Table 1), the Burgers vector of the dislocations was  determined to
be 1/2 < 110 > . Most of the dislocations are mixed edge and screw
dislocations due to the curved line morphology for the same Burg-
ers vector at the same g vector. Therefore, the plastic deformation
of the FCC phase in the EHEA is governed by the planar slip of the

1/2 < 110> dislocation on the {111} planes.

Dislocations in the B2 phase have been identified, as indicated
in the bright-field TEM images in Fig. 7. The dislocations display as
straight lines with a trace lying on the {110} B2 lattice planes. It has

F
s
F
p

220
B2||(112)FCC and (b) (011)B2||(332)FCC.

een established that in the B2-structured polycrystal deformed at
oom temperature, there are two  types of Burgers vectors: <111>
nd <001> [35–37]. We  note that the dislocations are visible for g

 (0 1 1), g = (110), and g = (001) in Fig. 7(a, b, and d). While they
re almost out of contrast for the g = (101) reflection in Fig. 7(c).
ased on the g·b = 0 invisibility criterion summarized in Table 2,
he dislocations in Fig. 7 can be determined to be with the Burgers
ector of [11 1]. The dislocations in the B2 phase are determined as
ure edge or screw dislocations for their straight-line shapes. The
xact direction of the dislocation line, u, can be determined by the
islocation traces analysis,

 = g1̂g2 (1)

here g1 and g2 are the g vectors of dislocation trace planes, when
he beam directions are B1 and B2, respectively. Hence, the dis-
ocations in the B2 phase are determined to be of a pure screw
haracter with a dislocation-line direction of [11 1], which is paral-
el with the Burgers vector. Thus, the primary deformation mode of
he B2 phase is associated with the pure screw dislocations, <111>
islocations slip on the {110} lattice planes.

As we have seen that there are large numbers of interfaces in the
HEA, interfaces are believed to play an important role in the plas-
ic deformation. In the initial state of deformation, the numerous
nterfaces can serve as heterogenous dislocation sources to trigger
lastic deformation [38,39]. Due to the intrinsic soft character of the

CC phase, the dislocations are supposed to be emitted into the FCC
ide from the interfaces to activate the plastic deformation in the
CC phase firstly. Fig. 8(a) shows an array of dislocations in the FCC
hase blocked by the interface. While in Fig. 8(b), the slip traces can
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Fig. 6. Dislocation identification using the two-beam diffraction with different g vectors in the FCC phase: (a) g = (200); (b) g = (1 1 1); (c) g = (11 1); (d) g = (002). The g
vector  is drawn with a black arrow. (e) Tracings of the visible dislocations in (a-d). The different colors distinguished the different Burgers vectors of each dislocation.

Table 2
Invisibility criterion for diffraction and Burgers vectors of the dislocations in the B2 phase of Fig. 7. “

√
” and “×” represent the dislocation invisibility and visibility, respectively.

The  Burgers vectors of the dislocations activated in Fig. 7 can be determined to be [11 1].

Operating reflection
Burgers vectors of dislocations

±[111] ±[111] ±[111] ±[111] ±[100] ±[010] ±[001]

g = (011) × × √ √ × √ √
√ √ √ √
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g  = (110) × ×
g  = (101)

√ × √
g = (001)

√ √ √ 

be observed in both phases with almost a one-to-one correspon-
dence across the interfaces, which indicate that the dislocation slip
can cross the interfaces. The slip traces on (111)FCC are exactly par-
allel to that on (110)B2 while the slip traces on (111)FCC and (011)B2
intersect at the interface with an angle of about 9.5◦, as exhibited in
Fig. 8(b). Fig. 8(c) is a magnified bright-field TEM image presenting
that the FCC dislocations extend into the B2 phase. Accordingly,
the interfaces, on one hand, can act as strong barriers for some
dislocations, and, on the other hand, are transparent for the others.

4. Discussion

4.1. Atomistic modeling revealing the formation of preferred
interfaces in the EHEA

To provide an explanation on the experimental observation that

there are three kinds of interfaces, namely the (321)B2||(112)FCC,
(011)B2||(332)FCC, and (23 1)B2||(552)FCC interfaces in the EHEA
AlCoCrFeNi2.1, and the (321)B2||(112)FCC play the dominating role
in this dual-phase alloy, we build the interfaces by keeping the KS

l
s
S
u

221
×
× √ × √
√ × × √

rientation and taking [1 11]B2||[1 10]FCC as the rotation axis for
tomistic modelling.

According to the CSL interface theory [30], partial sites of the
wo  crystal lattices at the two  sides of the boundary come into the
oincidence at the interface. For an interface between the B2 and
CC phases, an exact coincidence is not generally possible. With
he certain applied strain to both lattices, a forced coincidence cell
an be achieved, and hence, the periodic boundary conditions can
e imposed. As proposed by Sutton and Balluffi [31], a high planar
SL density corresponding to a low energy state is preferred. Under
uch circumstances, a higher planar CSL-site density corresponds
o a lower distance between two periodic parallel or near-parallel
tomic columns in upper (d1) and lower (d2) crystals within the
nterface. Hence, as shown in Fig. 9, the interface model is built by
nly considering both distances between such atomic columns less
han 2 nm and the near-parallel planes with the deviation angles

◦
ess than 5 . Fig. 9(a) illustrates the possible interface configurations
atisfying the KS OR, i.e., [1 11]B2||[1 10]FCC and (110)B2||(111)FCC.
pecifically, the nearly-parallel terminated surfaces of the B2 (the
pper crystal) and FCC (the bottom crystal) phases forming the
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Fig. 7. Pure screw dislocation with the Burgers vector, [11 1] identification, using the two-beam diffraction with different g vectors in the B2 phase: a, g = (0 1 1); b, g = (110);
c,  g = (101); d, g = (001). The g vector is drawn with a black arrow. The beam directions of (a), (b), and (c) are near [1 11], and the beam direction of (d) is near [1 10].

he ph
in the

r
g
f
i

Fig. 8. (a) A bright-field TEM image presenting an array of dislocations piled up at t
traces in the B2 and FCC phases. (c) A magnified TEM image exhibiting dislocations 

interface are chosen clockwise from 0◦ to 180◦ with respect to
the zone axes, [1 11]B2||[1 10]FCC. The in-plane lattice mismatch
parameter, �, is defined as,

(∣∣nd − d
∣∣ ∣∣ (n + 1)d − d

∣∣)

ı = min ∣ 1 2

nd1
∣ , ∣ 1 2

(n + 1)d1
∣ (2)

where d1 and d2 stand for the distances between two periodic paral-
lel atomic columns in upper and lower crystals within the interface,

m
b
d
o

222
ase boundary. (b) A bright-field TEM image showing that the continuity of the slip
 FCC phase extended to the B2 phase.

espectively, as marked with double-sided arrows between the
reen and red circles in Fig. 9(c–r), and n gives the multiplication
actor of the two  parallel atomic rows in order to achieve the min-
mum lattice mismatch. The in-plane lattice mismatch means the
inimum strain needed to be imposed to let the contacting facets
etween the two  crystals create a local minimum inter-planar CSL
ensity, which is used to evaluate the interface energy of a certain
rientation without considering the influence of the random solute
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Fig. 9. (a) The nearly-parallel termination interfaces of the B2 (the upper crystal) and FCC structures (the bottom crystal) are chosen to be clockwise rotated with angles
from  0◦ to 180◦ between the termination interfaces and their respective parallel close-packed atom row of (110)B2||(111)FCC. (b) The calculated in-plane lattice mismatch
parameter, �, as well as the facet-deviation angle, �, along the lateral direction with the variation of the rotation angle, �. (c-r) The side views of the relaxed structure-atomic
configurations when the interface rotated with different rotation angles and with the parallel compact planes in both phases.
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Fig. 10. SEM images of the EHEA (a) before and (b) after the tensile test, showing
figure  (IPF) map  of the as-deformed EHEA. (d) Overlapped pole figures of the B2 and

distribution in the EHEA. A similar method was used by Sutton and
Balluffi in the energy evaluation of the formation of the lock-in row
interface structure between two crystals [31], in which a low inter-
face energy can be achieved by forming a high interface CSL density,
and therefore, only a low localized strain is needed to reach such a
structure.

According to Fig. 9(a), the calculated local lattice mismatches
of the interfaces with different rotation angles are presented in
Fig. 9(b). Fig. 9(c–r) illustrates the side views of the atomistic
configurations of the interfaces with different rotation angles. As
mentioned above, it is generally believed that a lower lattice mis-
match corresponds to a lower interfacial energy, providing the most
favorable crystallographic correspondence between two crystals
across the interface. It can be clearly seen from Fig. 9(b) that the
interfaces of (321)B2||(112)FCC and (231)B2||(552)FCC, presented in
Fig. 9(f and q), exhibit the minimum lattice-mismatch parameter
value of � = 0.0009. Furthermore, an additional local minimum
lattice-mismatch parameter with the value of � = 0.0142 is demon-
strated for the interface, (011)B2||(332)FCC, designated in Fig. 9(n).

However, for assessing the interface formed in the EHEA, the
application of the afore-mentioned lattice-mismatch parameter,
�, may  be inadequate to fully comprehend the experimentally-
observed interfaces. For instance, the (321)B2||(112)FCC and
(231)B2||(552)FCC interfaces both with the lowest mismatch param-
eter value of � = 0.0009, the (321)B2||(112)FCC interface, f, prevails

over the (231)B2||(552)FCC interface, q, in the as-cast EHEA. This
trend primarily stems from the bulge configuration of a rough inter-
face. The (321)B2||(112)FCC shows a fully-coherent characteristic
with atomic sites well-matched without bulges, while the inter-

f
t
s

224
o macroscopic strain localization took place during deformation. (c) Inverse pole
phases in c, indicating that the KS OR remains after the deformation.

ace, q, (231)B2||(552)FCC, exhibits a bulged feature with atomic
acancies. These bulges with atomic vacancies at the interface will
ead to stress concentration, when two  relaxed surfaces are cou-
led with each other to form the hetero-phase interface. Thus, it
an be inferred that the (231)B2||(552)FCC interface, q, which is
resent only along with the growth twin in the EHEA, is not as
table as (321)B2||(112)FCC. Similarly, the atomistic structure of the
011)B2||(332)FCC interface, presented in Fig. 9(n), also possesses
ulges and should have a relatively-high interface energy. How-
ver, as commented by Fecht and Gleiter [29], the parallelism
etween the close-packed directions will lead to a low energy

nterface. To make a quantitative analysis, we define the sum of
he misfit angles between two pairs of contacting close-packed
acets as the “facet deviation angle, �”. As shown in Fig. 9(b),
he (321)B2||(112)FCC interface has a lower facet-deviation angle
ith the value of �f = 5.26◦ than that of the (231)B2||(552)FCC

�q = 11.26◦) and (011)B2||(332)FCC (�n = 11.54◦), in agreement
ith our experimental observation of the dominant role of the

321)B2||(112)FCC interface.
In general, in the growth process of the EHEA, the interface,

321)B2||(112)FCC, with the lowest energy will form with prior-
ty. However, considering the complicated circumstance during
he fabrication process of the eutectic alloy, the solidification and
rowth of the alloy deviate from the equilibrium state with a
arge supercooling degree. The formation of higher energy inter-

aces, (231)B2||(552)FCC and (011)B2||(332)FCC, may  be attributed to
he growth perturbation, such as temperature gradients and con-
tituent fluctuations, of the low-energy interface.
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Fig. 11. The geometrical relationships among slip systems of the B2 and FCC phases
with respect to two  typical interfaces: (a) interface (321)B2||(112)FCC; (b) interface
(
i
i
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4.2. Good ductility owing to the slip continuity across the KS
interface

As reported in our previous study, the EHEA presented good
ductility [18]. The ductility should result from the co-deformation
between B2 and FCC lamellae. Fig. 10(a and b) shows SEM images
of the EHEA before (Fig. 10(a)) and after (Fig. 10(b)) a tensile test, as
reported in our previous study [18]. No macroscopic strain localiza-
tion, such as the shear band or layer kinking, can be observed in the
deformed EHEA. Further EBSD analysis in Fig. 10(c and d) reveals
that the OR remains KS, <111>B2||<110>FCC and {110}B2||{111}FCC,
marked with white and red circles, after the tensile test. All
these phenomena demonstrate that the B2 and FCC lamellae can
deform compatibly on the macroscopic scale. Moreover, the co-
deformation behavior in the EHEA relies on the slip transmission
between the two phases.

We  consider the geometrical compatibility among the oper-
ative slip systems of the B2 and FCC phases under the KS OR
with respect to the two primary interfaces, (321)B2||(112)FCC
and(011)B2||(332)FCC, as described below, to reveal the co-
deformation mechanism. The geometric relationships are schemat-
ically presented in Fig. 11, considering the {111}<110> slip systems
of the FCC phase and the {110}<111> slip systems of the B2 phase.
The feasibility of the slip transmission can be quantified by the
slip-transfer geometric factor, �, expressed as,

� =
〈

cos

(
�

2
�

�c

)〉
·
〈

cos
(
�

2
�

�c

)〉
(3)

where � is the angle between the intersection lines that each slip
plane makes with the interface, � is the angle between the Burg-
ers vectors of the incoming and outgoing dislocations, �c = 15◦ and
�c = 45◦ are the limiting angles for � and �, respectively, and the
brackets 〈〉 mean that when either � or � exceeds their limit, �c or
�c , the quantity equals zero [27]. A greater value of � corresponds
to a lower interface obstacle strength and energetically an easier
slip transfer across the interface [27]. For each slip system in the
FCC phase, most of the piled-up dislocations can transmit across
the interface and continue to slip on the paired slip systems in the

B2 phase. According to the KS OR between the two phases, Table 3
shows the calculated �, �, and � of the 12 {111}<110> slip sys-
tems in the FCC phase paired with the corresponding {110}<111>
slip systems with the maximization � in the B2 phase. When the

m
s
h

Table 3
The � (the angle between the intersection lines that each slip plane makes with the interf
factor)  of the slip system pairs between the B2 and FCC phases.

Slip systems in the FCC
phase

Interface: (321)B2||(112)FCC

Paired slip systems in B2 � (
o
) � (

o
) 

(111)[101]FCC (110)[111]B2 0 49.5 

(111)[011]FCC (110)[111]B2 0 10.5 

(111)[110]FCC (101)[111]B2 0 0 

(011)[111]B2 0 0 

(110)[111]B2 0 0 

(111)[011]FCC (011)[111]B2 0 14.2 

(111)[101]FCC (101)[111]B2 0 45.8 

(111)[110]FCC (101)[111]B2 0 0 

(011)[111]B2 0 0 

(110)[111]B2 0 0 

(111)[110]FCC (011)[111]B2 14.6 20.1 

(111)[101]FCC (011)[111]B2 14.6 45.8 

(111)[011]FCC (101)[111]B2 5.9 10.5 

(111)[110]FCC (110)[111]B2 11.6 20.1 

(111)[011]FCC (110)[111]B2 11.6 14.2 

(111)[101]FCC (110)[111]B2 11.6 49.5 

*For each activated slip systems in the FCC phase, the paired slip systems in the B2 phase
*When the maximal � equals 0, the dislocations on such slip systems in the FCC phase are

225
011)B2||(332)FCC. The sketch maps showing that the intersection lines between the
nterfaces and the slip planes of the B2 and FCC phases are at the bottom right corner
n  (a and b).
aximal � equals zero, the dislocations in such slip systems in the
ofter FCC phase are considered to be unable to transmit to the
arder B2 phase. From Table 3, no matter the interface presents

ace), � (the angle between the Burgers vectors), and � (the slip-transfer geometric

Interface:(011)B2||(332)FCC

� Paired slip systems in B2 � (
o
) � (

o
) �

0 (110)[111]B2 0 49.5 0
0.93 (110)[111]B2 0 10.5 0.93
1 (101)[111]B2 0 0 1
1 (011)[111]B2 0 0 1
1 (110)[111]B2 0 0 1
0.88 (011)[111]B2 0 14.2 0.88
0 (101)[111]B2 0 45.8 0
1 (101)[111]B2 0 0 1
1 (011)[111]B2 0 0 1
1 (110)[111]B2 0 0 1
0.03 (011)[111]B2 2.7 20.1 0.73
0 (011)[111]B2 2.7 45.8 0
0.76 (011)[111]B2 2.7 10.5 0.90
0.27 (110)[111]B2 13.1 20.1 0.15
0.31 (110)[111]B2 0 14.2 0.88
0 (101)[111]B2 13.1 49.5 0

 is selected in 12 {110}〈111〉B2 slip systems with the maximal �.
 considered unable to transmit into the B2 phase.
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(321)B2||(112)FCC or (011)B2||(332)FCC, as we can see that 2/3 dis-
locations of the 12 {111}<110> systems in the FCC phase can
penetrate into the B2 phase.

The plastic co-deformation can be rationalized as follows. When
the external stress is applied to the EHEA, abundant dislocations
will nucleate at the interfaces due to the high stress concentra-
tion there. The dislocations preferentially propagate in the softer
FCC phase with a lower lattice-friction stress, leading to the plas-
tic deformation of the soft FCC phase. Due to the higher elastic
modulus of the B2 phase, the B2 phase firstly deform elastically,
and the dislocations will firstly pile up at the B2-FCC interface and
cause the stress concentration on certain planes and directions of
the B2 lamellae. As mentioned above, two kinds of slip systems
associated with {110}<111> and {110}<001> could be activated
in the polycrystalline B2 structure, when it deforms at room tem-
perature, as reported in the preceding papers [35,36]. When the
activated vector is <001 >, the plastic strain is only less than 2% [40].
The reason is thought to be associated with an insufficient number
of independent deformation modes to satisfy the von Mises plas-
ticity criterion for the homogeneous polycrystalline flow [40,41].
The geometries of both the (321)B2||(112)FCC and (011)B2||(332)FCC
interfaces favor the generation of <111> dislocations other than
<001> dislocations with more maximum � values, considering the
12 {110}<111> slip systems in the FCC phase (see the Supplemen-
tary Table 1 for details). When the activated Burgers vector is <111
>, the deformability can be improved by the availability of the 12
slip systems. By initiating the {110}<111> slip systems in the B2
phase, most of the accumulated dislocations at the B2-FCC inter-
faces on the FCC side can be transmitted to the B2 phase to realize
the plastic co-deformation of the EHEA.

Moreover, the atomistic-scale interface structure plays an
important role on the dislocation-interface interaction, such as the
dislocation nucleation and dislocation transmission [42,43]. Usu-
ally, the interfaces can be either flat or faceted, according to their
atomistic-scale interface characteristics [43–45]. Firstly, compared
with the flat interface, the faceted interfaces are more effective
sources of dislocations due to a lower activation barrier for disloca-
tion nucleation according to experimental and atomistic simulation
studies of the Cu-Nb bimetallic layered composites [43,46]. As a
result, the faceted interface can provide abundant dislocations for
the subsequent deformation. Meanwhile, previous atomistic sim-
ulations show that the FCC-BCC interfaces composed of slip planes
with flat atomistic-scale structures, referred to as “weak” inter-
faces, are ready to shear due to dislocation-core spreads within the
interface, leading to interfacial sliding, and are effective barriers for
the slip transmission [27,42,47]. Vice versa, the faceted interfaces
composed of non-slip planes are reported to be hard to shear and
ready to transfer the dislocation slip [27,43]. In the present EHEA,
the typical interfaces, (321)B2||(112)FCC and (011)B2||(332)FCC, both
are faceted on the atomistic scale, as shown in Fig. 5(a and b), which
are beneficial to the dislocation nucleation and slip transmission,
resulting in the high ductility.

4.3. High strength owing to the KS-interface strengthening

The dual-phase EHEA is supposed to possess the benefits of
both the high strength of the B2 phase and the good ductility
of the FCC phase. Except for the strengthening effects from the
composite reinforcement, it is believed that the prevalent exist-
ing hetero-phase interfaces contribute to the strength of the EHEA
dramatically. In the following section, the interfacial effects on the

strength of the EHEA will be discussed.

According to the aligned slip systems of the B2 and FCC phases
and the non-slip plane feature of the interfaces, the dislocations
in the FCC phase transmit to the B2 phase in a hard mode with

(
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oth the slip plane and the Burgers vector forming an angle with
he interface. Thus, the interface can act as obstacles of the slip
ransfer across the interface, as presented in Fig. 8(a). The lamel-
ar thicknesses of the B2 and FCC phases are on the micrometer
cale. Thus, similar to multilayer metals, the yield stress is supposed
o obey the Hall-Petch relationship according to the continuum
islocation pile-up theory [48]. In dual-phase lamellar systems,
he interface-strengthening effects concerning the dislocation-
nterface interaction, mainly stem from the shear-modulus- and
attice-parameter-mismatch strengthening [49–53]. The different
lastic moduli between adjacent phases will exert an extra force
o a dislocation in the softer phase to transmit to the harder phase
54,55]. The dislocation near the interface in the FCC phase gener-
tes a strain field extending into both the B2 and FCC phases. The
train energy in the B2 phase is larger per unit length because its
lastic modulus is greater. Therefore, in order to reduce the energy
f the system, an extra force generates to repel the piled-up dislo-
ation in the FCC phase from the interface. In the present case, the
lastic moduli of the B2 and FCC phases measured by nanoindenta-
ion are 216.42 ± 11.03 GPa and 182.44 ± 13.37 GPa, respectively.
he shear modulus, G, can be calculated using the equation [56],

 = E

2 (1 + �)
(4)

here E is the elastic modulus, and � is the Poisson’s ratio. The
hear moduli of the B2 and FCC phases are calculated to be 86.57 ±
.41 GPa and 72.98 ± 5.35 GPa, respectively, with a Poisson’s ratio
f 0.25. The shear modulus of the B2 phase is much larger than that
f the FCC phase. The greater the difference in the shear moduli
etween the alternate layers, the greater resistance to the piled-up
islocations will generate [54].

At the same time, interfacial strengthening at the B2-FCC inter-
ace also derives from the lattice-parameter mismatch [55]. In
eneral, the difference of the lattice parameters of the adjacent
hases at the interface can be accommodated partly by uniformly-
istributed misfit dislocations and partly by coherency strains [57].
rom Fig. 5(a and b), we can see that there are no misfit dislocations
t the (321)B2||(112)FCC interface while one set of regularly-
istributed misfit dislocations are found at the (011)B2||(332)FCC

nterface. Both the coherency strain and the misfit dislocations
nteract with the piled-up dislocations by exerting the direct force
s well as altering the core structure of the dislocation, which help
trengthen the materials.

. Conclusions

The present work characterized the OR and interface structures
nd revealed the interface-dominated deformation mechanisms in
he AlCoCrFeNi2.1 EHEA by combining SEM, EBSD, and TEM tech-
iques. Based on our investigation, the following conclusions can
e drawn.

1) The OR between B2 and FCC phases in the EHEA has
been determined to be KS OR with <111>B2||<110>FCC and
{110}B2||{111}FCC. This OR has two  variants due to the growth
twin in the FCC phase.

2) The EHEA displays three kinds of interfaces, namely
(321)B2||(112)FCC, (011)B2||(332)FCC, and (231)B2||(552)FCC. The
dominant (321)B2||(112)FCC and secondary (011)B2||(332)FCC
both exhibit atomistic-scale faceted and non-slip plane
characteristics. Also, the formation of the dominating
(321)B2||(112)FCC interface has been explained by the atom-

istic geometrical analysis according to the criteria of the low
interfacial energy based on the CSL theory.

3) Based on the atomistic features of the interfaces and the
geometrical analysis of the slip systems across the B2-FCC inter-
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faces, the faceted KS interfaces facilitate the slip transfer from
the FCC phase to the B2 phase and help realize the plastic
co-deformation of the two constituent phases in the EHEA.
Moreover, the interface strengthening is attributed to the mod-
ulus and lattice-parameter mismatches.
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