Journal of Materials Science & Technology 147 (2023) 189-196

Journal of Materials Science & Technology

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/jmst

Review Article

Chemical short-range orders in high-/medium-entropy alloys N

Xiaolei Wu 2P+

Check for
updates

aState Key Laboratory of Nonlinear Mechanics, Institute of Mechanics, Chinese Academy of Science, Beijing 100190, China
b University of Chinese Academy of Science, Beijing 100049, China

ARTICLE INFO

Article history:

Received 11 July 2022

Revised 25 October 2022

Accepted 25 October 2022
Available online 27 December 2022

Keywords:

Chemical short-range order
Electron diffraction

Transmission electron microscopy
Structure motif

Chemical medium-range order
High-/medium-entropy alloys

ABSTRACT

High (or medium)-entropy alloys (H/MEAs) are complex concentrated solid solutions prone to develop the
chemical short-range orders (CSROs), as an indispensable structural constituent to make H/MEAs essen-
tially different from the traditional alloys. The CSROs are predicted to play roles in dislocation behaviors
and mechanical properties. So far, the image of CSROs is built up by the theoretical modeling and com-
putational simulations in terms of the conventional concept, i.e., the preference/avoidance of elemental
species to satisfy the short-ranged ordering in the first and the next couple of nearest-neighbor atomic
shells. In these simulated CSROs, however, the structural image is missing on the atomic scale, even
though the lattice periodicity does not exist in the CSROs. Further, it is pending as to the issues if and
what kind of CSRO may be formed in a specific H/MEA. All these are ascribed to the challenge of experi-
mentally seeing the CSROs. Until recently, the breakthrough does not appear to convincingly identify the
CSROs in the H/MEAs by using the state-of-the-art transmission electron microscope. To be specific, the
electron diffractions provide solid evidence to doubtlessly ascertain CSROs. The structure motif of CSROs
is then constructed, showing both the lattice structure and species ordering occupation, along with the
stereoscopic topography of the CSRO. It is suggested that the CSROs, as the first landscape along the
path of development of the local chemical ordering, offer one more route to substantially develop the
ordered structure on the atomic scale in the H/MEAs, parallel to the existing grain-leveled microstruc-
ture. The findings of CSROs make a step forward to understand the CSROs-oriented relationship between
the microstructure and mechanical properties. This review focuses on the recent progress mainly in the
experimental aspects of the identification, structure motif, and mechanical stability in CSROs, along with
the chemical medium-range orders as the growing CSROs.
© 2023 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science &
Technology.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

[7,9,10], such as dislocation behaviors [7,11-15] and dislocation
sources [16], along with stacking fault energy [17]. The CSROs are

Chemical short-range orders (CSROs) have become a subject of
ever-increasing concern in high-/medium-entropy alloys (H/MEAs)
[1-4]. With the advent of convincing evidence, experimentally, to
see CSROs for real [5,6], the significance manifests gradually in
the following aspects. Firstly, the H/MEAs of multi-principal el-
ements are apt to promote local chemical ordering (LCO) [7,8],
which is usually not available in conventional alloys. The LCO po-
tentially offers a new path to develop an additional microstruc-
ture, even metastable, with the CSROs as the incipient LCO [5,7].
Secondly, the theoretical modeling and computational simulations
have shown the key roles of CSROs in the dynamics of defects
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then closely related to plastic deformation [18-21], strengthening
[22-25], strain hardening [26], and mechanical properties [27-32].
However, these roles of CSROs remain controversial so far [33]. The
reason is the lack of adequate support particularly in the experi-
ment as to the pending issues if and how CSROs interact with the
gliding dislocations. Finally, the H/MEAs themselves are, in a sense,
a kind of natural nanostructures [2,5]. CSROs stimulate to explore
their effects on the typical microstructure-and-property relation-
ship in the H/MEAs [6]. Here, the CSROs do not appear to be a new
concept [34-36], at least superficially akin to the counterparts of
usually a known intermetallic compound in most of the binary al-
loys [37-44]. Of particular curiosity are, here, the new meanings in
the H/MEAs, along with the CSROs-tailored mechanical properties
and performances [45,46].
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An H/MEA of high configurational entropy is much more likely
to form a single phase of a complex concentrated random solid so-
lution [47,48]. Simultaneously, the enthalpy interaction inevitably
exists due to the complex chemical interaction among constituent
species [7]. The formation enthalpy may become dominant in
free energy to drive the high entropy solid solution metastable.
The local chemical environment is thus induced by the low and
even negative enthalpy. In other words, the enthalpy-driven het-
erogeneities appear on the atomic scale to some degree/extent
[7,10]. One is the concentration waves [49] characterized by the
pronounced inhomogeneous compositional fluctuation of chemical
species [50-58]. The other is the LCO [7], which develops along the
route starting from CSROs [5,6], followed probably by the chemi-
cal medium-range orders (CMROs) [59]. In other words, CSROs are
the incipient LCO, while the CMROs are growing CSROs [59]. In ad-
dition, the nano-precipitation of ordered intermetallic compounds
often exists in the H/MEAs, e.g., L1, and B2, etc, by the addition of
Ti and Al, etc [60,61]. Yet, the embryonic stage of these compounds
is not a true sense of the concerned CSROs.

The H/MEAs would most likely develop parallel microstructures
of two kinds. One is the grain-leveled microstructure, while the
other is the spontaneous LCO on the atomic scale. The H/MEAs
are therefore considered as a trans-scale heterostructure [62,63],
with the constituent phases spanning several orders of magni-
tude in sizes from the sub-nanometer CSROs to common grains.
This makes the H/MEAs markedly differ from the conventional
alloys. In other words, the LCO, together with the concentration
waves, is added in consideration of the common microstructure-
and-property relationship. Incidentally, the grained microstructures
will evolve and plastically deform in the H/MEAs in a way almost
consistent with that in conventional alloys [64], including disloca-
tion behavior [65], deformation twinning [66], and phase transfor-
mation, etc [67].

The effect of CSROs on plastic deformation remains quite elu-
sive, especially in the experiment so far [5-7]. The tendentious
view is the analogy of CSROs to the nano-precipitates. The smaller
particles in size, the larger resistance will be to the slip of disloca-
tions. This is really true for the precipitates [68,69], while a sim-
ilar expectation is reasonable as long as the CSROs are mechan-
ically stable [5,59]. Recently, several experimental results, almost
all lacing with the assumptions and inferences, indicate the effect
of CSROs on the strengthening [70-78], strength and ductility [79-
81], and other performances [82-84]. Further, the CSROs-oriented
strategy is suggested for the advanced H/MEA designs to realize
the superior strength-and-ductility synergy [1,2,5,85].

The CSROs are the first and primary scenery to appear on the
chain of LCO in the H/MEAs. CSROs build up the blocks which ex-
pand and grow later in one, two, or three dimensions. For this
reason, the CSROs cannot be emphasized enough as the basis of
the subsequent evolution of LCO. The first challenge is, however, to
convincingly identify the CSROs [5,59]. In this review article, sev-
eral aspects are analyzed and discussed regarding the recognition
of CSROs and CMROs, along with their structure motif and me-
chanical stability, shedding light on the path for an in-depth un-
derstanding of the intrinsic structural features.

2. TEM identification of CSROs

The usual methods to experimentally identify CSROs include
X-ray/neutron diffraction [86,87], atom probe tomography [88,89],
transmission electron microscopy (TEM) [5,6,42-44], etc. Thereinto,
the TEM technique may simultaneously show the three essential
ingredients to exactly describe a CSRO [5,90,91]. The first, actually
as the basis of the latter two, is the electron diffraction, show-
ing an identified signal with regard to the crystal structure of the
CSRO, only without lattice periodicity yet [5,59]. The second is the

190

Journal of Materials Science & Technology 147 (2023) 189-196

energy-filtered dark-field image to truly see the CSROs [5,6]. The
third is the elemental analysis map to determine the spacial order
occupation of constituent species in the crystal lattice of a CSRO
[5,90,91]. Yet, the difficulty unexpectedly arises at first in electron
diffraction, especially in H/MEAs. It is unacquainted as to exactly
under which zone axis, one and maybe more, the extra superlattice
scattering from the CSROs appears in the electron diffraction. This
is ascribed to the uncertainty of CSRO lattices in the H/MEAs. How-
ever, this wasn’t supposed to be a difficulty in the conventional bi-
nary alloys [41,43,92], where the CSRO is usually fixed already as
a known crystal structure of an ordered long-range intermetallics
compound.

Recently, TEM observations of CSROs have been conducted
in several representative face-centered cubics (fcc)-structured
H/MEAs, including CrCoNi [90], VCoNi [5], and AlgsCrCoNi
[59] MEA, along with FesoMn3gCo19Crig HEA [91]. The main con-
cerns are as follows. The CrCoNi, often as a prototypical fcc MEA,
motivated the earliest experimental study of CSROs [6,90]. Three
species are much close in the periodic table of elements and their
electronegativity, such that the enthalpy of mixing of this alloy
may not be sufficiently large in magnitude to drive the pronounced
and widespread chemical ordering/clustering. Indeed, over the en-
tire range of temperatures and compositions, the CrCoNi does not
show the equilibrium intermetallic compounds [6]. One naturally
wonders if the CSROs can be developed in such a completely sol-
uble alloy with the composition in the center of phase diagram,
simultaneously without the chemically ordered metastable state to
be predicted as a potential candidate/reference. Furthermore, the
constituent species are similar in atomic scattering factor such that
the extra reflections from CSROs, if with a moderate volume den-
sity, would be rather low in diffraction intensity. Secondly, both
the VCoNi [93] and Algs5CrCoNi [94] are the same type of dual-
phase MEAs. Either V or Al locally induces the low (negative) en-
thalpy of mixing so as to increase the tendency for the CSROs. By
contrast to CrCoNi, the intermetallic compounds of either L1, or
B2, respectively, are formed in both alloys. If CSROs do develop,
it is curious if and what kind of CSRO would emerge, instead of
the embryonic L1, and B2. Finally, FesoMn3yCo1oCryg is a quater-
nary and non-equiatomic HEA [67], with the initial dual phases of
both the fcc and close-packed hexagonal (hcp) structures, without
any ordered compounds to form in both phases. In such a high-
entropy case, exactly what kind of CSRO would be developed, and
to what extent are questions that have not been convincingly an-
swered thus far.

2.1. Characteristic diffuse scattering by CSROs

Recently, a full suite of clear-cut experiments in an aberration-
corrected TEM has been suggested to irrefutably identify the
CSROs in H/MEAs [5,90,91]. Firstly, by means of the most common
selected-area electron diffraction (SAED) as well as the micron-
beam diffraction and lattice-image-based fast Fourier transform
(FFT), any diffraction pattern of these three kinds may act indepen-
dently as the criterion and/or signal of CSROs under an appropriate
zone axis. Secondly, the CSROs may be seen clearly by both the
energy-filtered high-angle annular dark field (HAADF)-scanning-
TEM (STEM) and inverse-FFT (IFFT) imaging. Finally, the atomic-
scale chemical composition can be determined to show the or-
dered species occupation according to the energy dispersive spec-
troscopy (EDS) mapping.

The first step is critical to acquire the SAED pattern. The CSROs
induce the extra superlattice scattering to manifest in the dif-
fuse disks in reciprocal space, with the sizes substantially larger
than those of Bragg spots by host lattice [5,90,91]. This diffrac-
tion feature indicates exclusively that the tiny CSRO entities ex-
ist in real space [95,96]. This corollary is derived from the rule-
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Fig. 1. Characteristic diffuse scattering by CSROs in the SAED patterns under varying high index zone axes (z.a.). (a, b, ¢) SAED, nano-beam diffraction, and FFT patterns, all
under [112] z.a. [5]. (d, e, f) SAED patterns, respectively, under the [111] [97], [013], and [233] z.a.. All patterns are indexed, with one or two yellow circles indicating diffused

scattering by CSROs.

of-shape factor between real and reciprocal space, i.e., ‘small be-
comes large’ and vice versa [95]. In other words, diffuse scat-
tering is the hallmark feature of CSROs due to their small sizes
and varying contents inside the column of TEM film for diffrac-
tion testing. However, challenges arise in the SAED pattern from
the CSROs in H/MEAs. On one hand, the diffraction intensity re-
lies on the crystallographic orientations. The extra scattering by
the CSROs will become highly diffuse and extremely weak in in-
tensity due to the moderate volume density and small sizes typi-
cally below one nanometer. This makes it much more difficult for
CSROs to yield the recognizable scattering in the diffraction pat-
tern. On the other hand, the CSROs are strongly asymmetric in the
spatial three-dimension (3D) shapes especially at their initial stage
[97]. As such, the extra scattering is usually visible only in one in-
cident direction, while becomes much weaker and even disappears
in others even though all are a family of the same orientation, not
to mention that this is more likely to happen under the different
zone axis [5,97].

The methods of electron diffraction of three kinds are reported
to successfully catch sight of the diffuse scattering of CSROs in the
electron diffraction patterns [5,97]. The first is the SAED pattern,
especially under a few high-index zone axes, e.g., the [112], [013],
[111], and [233] zone axes, as shown in Fig. 1 [5,97]. Under these
zone axes, the extra scattering induced by CSROs appears all in the
form of diffuse disks, and one is circled in yellow. These diffuse
scattering lines up at the %{311} positions of host fcc lattice un-
der the [112], [013], and [233] zone axis, as shown in Fig. 1(a, e,
f), while at the }{422} and 2{422} positions under the [111] zone
axis, as shown in Fig. 1(d). The second is the nano-beam diffrac-
tion, as shown in Fig. 1(b) still under the [112] zone axis, to signif-
icantly increase the diffraction intensity of extra scattering by sub-
stantially improving the signal-to-noise ratio. The extra scattering
at the %{311} positions increases in intensity. The third method is
the FFT pattern based on high-resolution TEM lattice imaging, as
shown in Fig. 1(c). The diffuse scattering is visible at the {311}
positions under the [112] zone axis. In a word, diffuse disks in re-
ciprocal space are evidence for the presence of small CSRO entities
in real space [5,90,91,97]. In addition, the CSROs do not show their
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signature diffuse scattering in the SAED patterns under the rou-
tinely used [109] beam direction [5,97].

Caution is needed, however, as to the electron diffraction used
for the recognition of CSROs. Firstly, extra reflections, usually in the
form of spots, small in size but rather sharp in intensity, are often
mistakenly assumed to come from the CSROs in either the H/MEAs
or conventional alloys. The sharp spots are usually indicative of the
long-range periodicity of a crystal lattice based on the mutual re-
lationship between real and reciprocal space for a crystal [95]. Sec-
ondly, the extra superlattice reflections are sometimes not so dif-
fuse after all. This is possibly an ordered region that has extended
to well above 1 nm, beyond the size realm of CSROs. Namely, the
chemical ordering has evolved and/or expanded to a spatial extent
that already corresponds to a long-range order across the regions
of at least a few nanometers in one or more dimensions. The side-
by-side observation is thus suggested by either dark-field imaging
or chemical analysis to determine the sizes of these tiny entities.
In any case, however, the highly diffuse scattering is the basic cri-
terion to identify CSROs. Thirdly, the CSROs may be so dilute and
diverse in shape in some cases that they may escape the detection
altogether with the TEM techniques today.

The CSROs are often confused also with an equilib-
rium/metastable intermetallic compound. Their precipitates
will go through various stages, sizes, and morphology in both the
conventional alloys and H/MEAs [38,42,98,99]. In other words,
the tiny nano-precipitates are often wrongly guessed as the
LCOs. Meanwhile, the H/MEAs are metastable and prone to either
compositional decomposition or phase separation. This is an
entirely different question from CSROs inherent in the as-prepared
single-phase solution of H/MEAs. The doubt is ascribed to the
constituent species in these precipitates where the ordering con-
figurations have not been deciphered in detail. This emphasizes
the importance of experimental evidence of two kinds to ascertain
the CSROs simultaneously. One is the diffraction, while the other
is the atomic ordering occupation. The CSROs show, in fact, the
chemical ordering which can be entirely different from that found
in any known compounds [5,59]. This is the focus of attention.
For example, the CSROs are of the L1;-type structure motif [97],
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Fig. 2. Element distribution in CSRO of CrCoNi. (a) HAADF lattice image of fcc phase with the [112] z.a.. Inset: FFT pattern showing CSROs-induced diffuse scattering at
%{311} positions (one is labeled by the yellow circle). (b) Corresponding EDS map. (c) IFFT of CSRO region (upper-left) and EDS maps of Cr, Co, and Ni, respectively. All
dashed lines mark the (311) planes. Yellow: Cr-enriched, Blue: Co-/Ni- enriched. All scale bars are 0.5 nm in length.

different from the intermetallic compound of L1, in VCoNi MEA
[5] and of B2 in Alg5CrCoNi MEA [59].

2.2. Chemical information of CSROs

The chemical information of species occupation is indispensable
for the full understanding of the atomic structure of CSROs. As to
a CSRO, the ordering means the occupancy of constituent species
on certain lattice planes/sites in the nearest-neighbor environment.
Fig. 2(a) is an HAADF lattice image of the fcc phase in CrCoNi un-
der the [112] z.a. [90]. Inset is the corresponding FFT pattern show-
ing the extra diffuse reflections by the CSROs (one is labeled by
a yellow circle) at 1{311} positions. Fig. 2(b) is the EDS mapping
showing the element distribution. Fig. 2(c) is the IFFT of a spe-
cific CSRO region (upper-left) and corresponding EDS maps of Cr,
Co, and Ni, respectively, for this CSRO. All dashed lines mark the
(311) planes intersecting the (111) plane in plan view. The dashed
yellow lines indicate Cr-enriched, while the blue lines are Co-/Ni-
enriched. To be specific, in Cr-map, two Cr-enriched (311) planes
(dashed yellow lines, across red spots) sandwich one Cr-depleted
(311) plane (in either Co or Ni map, both under the blue line).
For this reason, a CSRO consists of a (Co, Ni)-enriched plane sand-
wiched by two Cr-enriched planes [90].

2.3. Structure motif of CSROs

The structure motif is, in principle, a 3-D unit cell on the atomic
scale to depict a CSRO from two aspects: atomic configuration and
species ordering occupation [97]. The CSRO motif may help an in-
depth understanding of the nucleation and later growth of CSROs,
along with the mutual relationship with the host lattice. Particu-
larly, the spatial 3-D form of the CSRO can be derived also as an
added benefit. Recently, the method has been developed to estab-
lish the 3-D structure motif of CSROs in terms of both the mu-
tual relationship and correspondence of crystal lattice between the
real and reciprocal space by using the electron diffractions under
the multiple zone axes, refer to Ref. [97] for details. Here, VCoNi is
taken as an example, as shown in Fig. 3. Firstly, based on the SAED
pattern under a [112] zone axis, as shown in Fig. 3(a-1), and the
position of CSRO in host lattice, as shown in Fig. 3(a-2), the two-
dimensional (2-D) CSRO model is established in the [111] direction,
as shown in Fig. 3(a-3). Namely, V atoms (spheres in pink) occupy
the vertices of the unit cell, while both Co and Ni atoms (in yel-
low) locate in between [97]. Secondly, with the help of the SAED
pattern under the [111] zone axis, as shown in Fig. 3(b-1), the ex-
tra diffuse scattering by CSROs is visible at the positions of §{422}
and %{2122} of host base, one is circled in pink. The diffraction pat-
tern is then simulated, as shown in Fig. 3(b-2), where the {202}
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reflections, labeled by x s in pink, are forbidden for CSROs, in
contrast to the clearly visible scattering by CSROs at the positions
of {422}. The reason is that the diffraction pattern was simu-
lated under the assumption of the long-range, disordered arrange-
ment of atoms, while CSROs are chemically ordered, such that the
CSROs-induced scattering will not satisfy the strict extinction law
to make the diffraction deviate from the theoretical extinction. The
2-D model is then established under the [111] zone axis, Fig. 3(b-
3), where the hexagon (dash line in pink) is the periodic, minimum
unit cell. Thirdly, under the [011] zone axis in Fig. 3(c-1), the scat-
tering by CSROs is not available. Yet, the CSROs can be still found
in the host lattice in terms of CSRO-induced strain distribution in
Fig. 3(c-2), by means of the atomic-scale geometric phase analysis
(GPA) [5]. The 2-D model is thus established with the [109] zone
axis in Fig. 3(c-3). Finally, the CSRO motif, i.e., 3-D unit cell, is re-
constructed, as shown in Fig. 3(d), based on the above three 2-
D models, demonstrating full information of both lattice structure
and order occupation of three elements. Interestingly, the 3-D unit
cell of CSROs is determined as L1; [97], with a = 0.747 nm and
y = 89.9° In the motif, the atomic occupation is re-arranged in
the CSRO as a result of the chemical order, relative to the host fcc
lattice.

The spatial 3-D morphology of CSRO looks like a flat cuboid
based on the 3-D unit cell, outlined in pink in Fig. 3(e). It follows
that to see the CSROs depend on the incident direction, i.e., the
zone axis relative to the host lattice. In other words, more CSROs
will be seen if viewed from the [112] zone axis, parallel to the ma-
jor axis of CSROs. However, this does not necessarily mean that it
is true under all <112> zone axes. For example, both [121] and
[211] zone axes deviate an angle of 33.6° with the major axis of
CSROs. This leads to a decrease in the proportion of CSROs inside
the special column for diffraction imaging in the TEM thin film.
The diffraction intensity by CSROs will become weak such that it
is hard to distinguish them from the noised background [5,6]. By
contrast, the [109] zone axis is parallel to the minor axis of CSROs.
Accordingly, the diffraction intensity is much weak by comparison
with that under the [112] zone axis. This is the reason that it is
hard to see extra scattering along the [109] zone axis. The same is
true for the [111] zone axis. Simply to say, whether or not the ex-
tra diffuse diffraction by CSROs appears will depend on the spatial
shape of CSROs and the orientation relationship between CSRO and
zone axis, along with the thickness of TEM film for CSRO observa-
tions.

The consistent features of CSROs have been shown in several
H/MEAs [5,59,90,91]. Firstly, if viewed under the [111] zone axis,
the extra scattering by CSROs always occurs at the %[3]1] loca-
tions in the diffraction pattern. Secondly, CSROs have an identical
preferential occupancy of species. To be specific, two M-enriched
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Fig. 3. 3-D structure motif of CSROs. (a) Electron diffraction of CSROs under [112] z.a.. (a-1) SEAD pattern. (a-2) Merged FFT and inverse FFT pattern. (a-3) 2-D model. (b)
Electron diffraction of CSROs under [111] z.a. (b-1) Nano-beam diffraction pattern. (b-2) Simulated diffraction pattern. (b-3) 2-D model. (c) Electron diffraction of CSROs
under [109] z.a.. (c-1) Nano-beam diffraction pattern. (c-2) GPA map. (c-3) 2-D model. (d) 3-D unit cell. (e) 3-D morphology.

{311} planes sandwich one M-depleted {311} plane, here M refers
to a body-centered cubic (bcc) element, e.g., V in VCoNi [5] and Cr
in CrCoNi [90]. It is thus derived that CSROs in all these H/MEAs
unexpectedly exhibit the same L1;-type motif, along with a similar
spatial shape. However, it is so far inquisitive for the reason of the
same motif of CSROs to appear in these H/MEAs of obviously dif-
ferent species. By the way, the L1;-type motif is also determined
for the CSROs in the high-Mn steel [100]. Finally, the 3-D motif
makes a step forward to provide information on both the structure
and occupation in CSROs, relative to simulated CSROs constructed
by the computational modeling and simulations based on conven-
tional definition [101-114].

3. Chemical medium-range order (CMRO)

CMROs are indispensable intermediate links during the devel-
opment of LCO in the H/MEAs [59,97,98]. The CMROs are the next-
level LCO in contrast to CSROs as the incipient LCO [5,59]. The
size range is defined within 1-5 nm, even a little bit arbitrary. Ac-
cordingly, the CMROs will exhibit the defining lattice periodicity.
In this sense, the CMROs are a significant mark of the structural
gene which helps to understand the evolution of LCO. The issues
are unclear as to firstly, if and what kind of CMRO will be gener-
ated and secondly if CMROs are mechanically stable during tensile
deformation.

The first thing to address is the iconic electron diffraction to
identify the CMROs [59], and the same problem ever met for
CSROs. In the fcc phase of Alg5CrCoNi MEA, the extra superlattice
scattering appears in the SAED pattern under two high-index [112]
and [013] zone axes and in the nano-beam diffraction, Fig. 4(a-c).
The signature scattering by CMROs is in the form of spots of con-
centrated diffraction. These spots locate at the % [311] positions of
the fcc lattice, as indicated by arrows and one is circled in yellow.
The spots are much small in size, different from the highly diffuse
disks of large diameter by CSROs [5,89]. Further, these spots are
even much weaker in intensity than sharp spots from the host lat-
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tice. Based on the definitive relationship and correspondence be-
tween real and reciprocal space [95], these spots are ascribed to
the CMRO entities: they are beyond CSROs in size, but still much
tiny, and already have the lattice periodicity. In fact, most CMRO
entities show a size range of several nanometers, as shown in
Fig. 4(d), comparable to the nano-precipitates in conventional al-
loys and H/MEAs. Interestingly, both CMROs (>1 nm) and CSROs
are co-existent. The CMRO entities show sizes >1 nm, with an av-
erage size (d) of 1.6 nm, which is larger than that of 0.6 nm for
CSROs. Further, both CSROs and CMROs have a consistent chemical
order. Fig. 4(e) is the HAADF lattice image, with the inset show-
ing the FFT pattern. Fig. 4(f) is the IFFT image, showing a CMRO
region. Fig. 4(g, h) are EDS maps. As to Cr at the upper-left cor-
ners in both cases, both the CSROs and CMROs show a similar fea-
ture of species occupation. To be specific, two Cr-enriched (311)
planes (dashed white lines, across green spots) sandwich one Cr-
depleted (311) plane under yellow line. This is also consistent with
species occupation in other H/MEAs previously reported [5,90,91].
It, therefore, follows that the CMROs are growing CSROs.

Several comparisons are made between CMROs and CSROs to
shed light on the path of LCO development. Firstly, the chemi-
cal ordering in CMROs is in full accord with that in CSROs: the
alternating {311} planes with the preference for unlike pairs and
avoidance of unlike pairs. Both holds for the present CMROs and
all other CSROs investigated so far. Second, the 3-D structure mo-
tif in the present CMROs is similar to that of CSROs based on the
consistent diffraction patterns under various diffraction zone axes.
The lattice structure is L14, instead of the B2 compound existing
already as the second phase in the fcc matrix.

4. Mechanical stability of CSROs and CMROs

Whether or not the CSROs are mechanically stable is a matter of
long unknown. There exists at least one view that the CSROs may
be destroyed during plastic deformation with a fairly high prob-
ability. This is due to the moving dislocations apt to destroy the
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Fig. 4. CMROs in Alg5CrCoNi MEA. (a, b) Selected-area electron diffraction patterns under the [112] and [013] z.a.. (c) Nano-beam diffraction. [112] z.a. Yellow arrows in
(a-c): arrays of extra scattering. Yellow circles: extra reflection. (d) Dark-field image taken by extra reflections in (a), showing CMRO entities. Inset: close-up view of several
CMROs. (e) HAADF lattice image. [112] z.a. Inset: FFT pattern showing extra scattering at {311} positions (one is labeled by a yellow circle). (f) IFFT of CMRO region. (g, h)
EDS maps showing the elemental distribution of Cr, Ni, Co, and Al, respectively, in CSRO (g) and CMRO (h). All dashed lines mark the (311) planes. Yellow: Cr-enriched, blue:

Co-/Ni- enriched. Scale bar in (g, h): 0.5 nm.
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Fig. 5. Mechanical stability of both CSROs and CMROs. (a, b) Average size and areal
fraction in H/MEAs of four kinds before and after tensile deformation.

chemical ordering in the CSROs of small sizes. However, the CSROs
are of the lattice structure already, e.g., L1;-type motif, even with-
out the long-range lattice periodicity yet. This will induce obstacles
in regard to both the thermodynamic energy and dynamic diffu-
sion, which makes the CSROs stable to varying degrees upon ap-
plied loading.

The CSROs, along with CMROs, have indeed shown mechanical
stability during tensile deformation in Fig. 5(a). There is no obvi-
ous change in the sizes of CSROs and CMROs before and after ten-
sile deformation. Simultaneously, the areal fraction (Fyea) of both
CMROs and CMROs entities is ~20% before tensile deformation in
Fig. 5(b), which is almost unchangeable after tensile deformation,
except for VCoNi showing a little bit of increase [5].

5. CSROs-oriented plastic deformation

Strength and ductility have long been a pair of ineradica-
ble paradoxes in traditional metals and alloys [115,116]. Similarly,
the strength-and-ductility trade-off arises in H/MEAs [64,67,85].
Ductility is ascribed to strain hardening, which is mediated by
the dislocation of plasticity during plastic deformation to induce
the generation, multiplication, and interaction of dislocations. To
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further reinforce strain hardening, microstructure-oriented strate-
gies are applied for example to fill the grain interior with the
sub-structures of varying kinds, e.g., nano-twins [66], precipitates
[60,61], and second phases [94], etc. Thereinto, the most efficient is
precipitation by the elaborate design of elemental species on basis
of the H/MEAs [60,61,79,80], already as the recipe in the state-of-
the-art ultra-high strength steels [117]. It is expected that the sta-
ble CSROs will interact with gliding dislocations [5,7]. Therefore,
both strengthening and strain hardening are highly expected due
to much small sizes and spacing of CSROs. Unfortunately, the evi-
dence is rare experimentally in the interaction between CSROs and
dislocations. The strengthening effect and strain hardening claimed
by the CSROs are a little bit untenable due to the influence of many
microstructural factors. The main difficulty lies in the impossibility
of simultaneously seeing both the CSROs and dislocations.

6. Conclusive remarks and perspectives

The chemical short-range orders have been gradually accepted
as an inevitable exist at least in several typical fcc-structured
H/MEAs, which are either single phase, e.g., CrCoNi, or dual phases,
e.g., VCoNi and Alg5CrCoNi, already having the intermetallic com-
pound L1, and B2. The medium-range orders are the projected
extension from short-range orders in the line of local chemi-
cal ordering. Both short- and medium-range orders are consid-
ered iconic constituents inherent in the microstructure. Three es-
sential ingredients are emphasized for the identification of the
short-/medium range orders, including electron diffraction, dark-
field imaging, and elemental occupation. The electron diffractions
of three kinds are available to convincingly ascertain the ordering,
including the selected-area electron diffraction, fast Fourier trans-
form, and nano-beam electron diffraction. The high-index zone
axes of electron diffraction are suggestive, such as [112], [013], and
[111] zone axes. The characteristic extra superlattice scattering is
the diffuse disks of large sizes and small, weak spots, respectively,
for the short- and medium-range orders. Particularly, the existing
experimental results make the progress of a few steps. First, the
ordering, especially short-ranged, is truly seen. Second, the short-
range ordering is of the structural feature on atomic-scale due to
the ordered species occupation, i.e., a L1;-type motif. Third, the
short-range ordering has a 3-D shape, e.g., the flat cuboid. Impor-
tantly, both the short- and medium-range orders form with a new
crystal structure, different from the chemical order of known inter-
metallic phases.
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The evidence of chemical short-range orders, experimentally
even less than more theoretical and computational simulations,
demonstrates the presence of local chemical order as an addi-
tional path to the microstructural development in the H/MEAs.
This brings about the challenge to understand the microstructure-
and-property relationship but at the same time, also creates an
opportunity for advanced properties and performances over con-
ventional alloys. From a general perspective, it is anticipated that
mechanically stable short-/medium-range orders will enhance me-
chanical properties. The large-size orders are much likely more ef-
fective to reinforce the natural interaction with dislocations upon
straining. For this reason, chemical ordering, as a potential strat-
egy, offers a new knob to tailor the macroscopic properties in
the H/MEAs. It is further suggested that the H/MEAs can be re-
garded as an innate nano-structure because of widespread short-
/medium-range orders. In this sense, the CSRO-oriented design is
advocated for the effect of CSROs related to structural type, stabil-
ity, contents, etc., in a specific H/MEA.
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