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a b s t r a c t

Chemical short-range order (CSRO) is generally possible in concentrated solid solutions and currently of
considerable interest for multi-principal element alloys. However, a convincing demonstration of CSRO
has been challenging and achieved thus far only for ternary medium-entropy alloys such as VCoNi. Here,
we report definitive proof of CSRO in a quaternary face-centered-cubic Fe50Mn30Co10Cr10 high-entropy
alloy, acquired from systematic electron microscopy experiments. The evidence includes extra diffuse
disks in nano-beam electron diffraction patterns, images in state-of-the-art aberration-corrected scan-
ning transmission electron microscope, as well as compositional profiles across neighboring atomic
planes/columns in atomic-resolution chemical maps. The CSRO regions are found to occupy an areal
fraction of 20% and have dimensions on a sub-nanometer scale. This length scale, as well as the
diffraction features of the CSRO, are different from those of intermetallic compound precipitates; as such,
the CSRO is not a growing stage of a nucleated second phase, the precipitation of which has been dealt
with previously in classical alloys. We further conducted a spatial correlation analysis of the concen-
trations in atomic columns in the chemical map, enabling us to uncover a general tendency toward
nearest-neighbor chemical ordering, specifically, preference for unlike species (such as FeeMn) and
avoidance for like-species (such as FeeFe). The persistence of this trend, the same as that found in VCoNi
MEA, recently, is somewhat intriguing for a high-entropy alloy in which all the constituent elements are
similar in atomic size and have rather a small enthalpy of mixing.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

High and medium-entropy alloys (H/MEAs) are multiple-
principal-element solid solutions [1e14], retained to room tem-
perature often as a single-phase. In such concentrated solutions,
the complex chemical interaction among constituent species is very
likely to produce chemical short-range order (CSRO) to some de-
gree/extent [12e32], unless the alloy is directly quenched from a
very high temperature where entropy-driven intermixing over-
whelms enthalpy-driven ordering [26]. CSRO refers to the
), maen@xjtu.edu.cn (E. Ma),
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preference/avoidance of some of the constituent species in the alloy
away from the atomic fractions expected for random mixing, but
the chemical order is so short-ranged that it prevails only in the
first and the next couple of nearest-neighbor atomic shells around
the atom at the center. While the presence of CSROs is expected to
influence the properties of the alloy, such as the dynamics of de-
fects [14,26], a convincing identification of CSRO is difficult because
of the need to acquire detailed information on the atomic scale
[12e14,33e37]. Direct observation of the CSRO inside a trans-
mission electron microscope (TEM) [13,14,33e37] is possible, for
example, using dark-field imaging, when the character of CSRO, and
its degree/extent, gives rise to extra reflection(s) in the selected
area electron diffraction pattern [14,33e36]. Specifically, in the
selected area electron diffraction pattern of a local region, the CSRO
may give off extra reflection(s), i.e. diffuse, usually in the form of a
disk [14,33,36] with a diameter substantially larger than that of
normal Bragg spots [14,33]. Such diffraction evidence in reciprocal
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/
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space would demonstrate that the regions with local chemical or-
der (LCO) are present in real space with their sizes on the scale of
1 nm. Previous studies have followed this route and claimed the
presence of regions in some alloys with the presence of short-range
order (SRO) [38,39]. But for the H/MEAs, the search for and un-
derstanding of CSRO is only in its rudimentary stage, encountering
several difficulties, as outlined in the following.

First, the H/MEAs are usually solid solutions composed of spe-
cies that are close in the periodic table of elements [1,2] and, hence,
in their electronegativity, such that the enthalpy of mixing of the
alloys may not be sufficiently large in magnitude to drive pro-
nounced and wide-spread chemical ordering/clustering. Second,
the constituent species are similar in atomic number (and hence
atomic scattering factor and atomic size), such that the extra re-
flections corresponding to the CSROs (with a moderate volume
density) would be of rather low intensity. Third, the CSROs are very
small in size, typically below 1 nm in size, and may vary in their
configurations from one spatial location to another leading to
highly diffuse reflections that are hard to be distinguished from the
background. As diffraction signals are very weak or utterly invisible,
identifying CSROs in high-entropy alloys (HEAs) via traditional
dark-field imaging would be challenging.

One way to increase the chances of observing CSRO is to use the
nano-beam diffraction, which substantially improves the signal-to-
noise ratio. There have been reports that used energy-filtered dark-
field imaging, striving to make CSROs discernible [13,14,40]. How-
ever, even with these efforts, the firm evidence of CSROs in HEAs is
still lacking [13]. One factor contributing to this difficulty, first of all,
is that an appropriate zone axis needs to be found to detect extra
reflections in electron diffraction. This is non-trivial because of the
lack of knowledge as to how the various elements pack in the CSRO
to occupy lattice planes/sites in the H/MEA solution. Generally, extra
scattering arising from CSROs can be visible in one specific zone axis
but becomes much weaker or even totally disappear in others [41]
as the diffraction intensity varies strongly with crystallographic
orientations [33]. On this account, it is necessary to check diffraction
patterns under various zone axes. This is clearly demonstrated in
very recent experiments on face-centered cubic (fcc) MEA [14],
where the extra diffuse reflections from CSROs are observed at
1
2 ½311� positions under the [112] zone axis but not under the
routinely used [110] beam direction. Second, there appears to be
confusion as how to interpret the extra reflections seen in experi-
ments. For HEAs [31,32], and even for earlier reports of SROs in al-
loys [38], what had been claimed as evidence of SROs were often
rather sharp diffraction spots indicative of long-range order. Even
those ‘diffuse reflections’ indicating the so-called SRO [39] are not so
diffuse after all, likely corresponding to ordered regions that extend
to well above 1 nme beyond the realm of CSRO. In other words, the
chemically ordered entities they reported can be better character-
ized as LCO, albeit perhaps metastable structures less than a few
nanometers in diameter in at least some of the three dimensions
(such as nano-lamellar plates). These entities were claimed as
‘short-range order’ [31,39], only in the (somewhatmisleading) sense
that they are still tiny in some dimensions compared with normally
observed (second-phase) precipitates. Such LCOs were reported for
the CrCoNi MEA (extra-diffraction spots appearing at 1

2 ½110� posi-
tions) [13] and for the fcc phase of dual-phase FeeMneCoeCr HEA
[31] (extra diffraction spots at the 1

2 ½311� positions under the [112]
zone axis, reportedly corresponding to 2 nm regions). Also, in the
FeCrMnCoNi HEA [32], in some concentrated alloys related to HEAs,
such as Ni-based alloy [38] and high-Mn Transformation-induced-
plasticity (TRIP) steel [39], as well as in some non-HEA cases [40],
extra reflections emerge at either 1

2 ½311� or 1
3 ½422� positions with

the [112] zone axis or [111] zone axis. However, in all these cases, the
2

extra diffraction spots are too sharp, or at least insufficiently diffuse,
to be associated with the sub-nanometer CSRO discussed in this
article. In other words, these entities have grown to dimensions that
are long-range orders but on the smallest side; LCOs start from
CSROs, but the chemical ordering has evolved/expanded to a spatial
extent that clearly corresponds to a long-range-ordered crystal,
across regions at least a few nanometers in one ormore dimensions.
In some cases, the LCOs reported may be identified as equilibrium
(or metastable) intermetallic compound crystals with dimensions
(see the reported TEM images [31,32]) far beyond their critical nuclei
radius. Unfortunately, the authors did not decipher the atomic
configurations of these LCOs [12,13,31,32,38e40]. In other words,
what they observed can be an early stage of precipitation. As H/
MEAs are metastable solutions, phase separation (and composi-
tional decomposition) upon long-duration aging is not a surprise.
Note that the stages of second phase precipitation (going through
various stages, sizes andmorphology) are what has been commonly
encountered in conventional alloys, which is a different question
from the CSRO inherent in the (as-prepared) single-phase solid so-
lutionwe are focusing here. In fact, the CSRO we are talking about is
incipient chemical order that can be entirely different from the
chemical order found in any known compounds (e.g. see in the
phase diagram at some specific compositions in the alloy system in
question).

In this article, we focus on the question of detecting bona fide
CSRO in HEAs. Therewas convincing experimental evidence of CSRO
only in a ternary VCoNiMEA but not for higher-order HEAs. Here, we
look into if and what kind of CSRO would emerge in a quaternary,
non-equiatomic FeeMneCoeCr HEA [6,31]. Although in some cases
CSROs may be so dilute and diverse that they may escape detection
altogether with the TEM techniques today, we demonstrate in the
following that in the Fe50Mn30Co10Cr10 HEA the diffraction/dark-
field imaging approach, in combination with atom-resolution
chemical composition mapping, can indeed reveal CSRO in a HEA.
Interestingly, while Cr, Mn, Fe and Co are neighbors in the periodic
table of elements with only minor differences in atomic size and
small enthalpy of mixing, whenmixed in the Fe50Mn30Co10Cr10 HEA
they still exhibit CSRO along the line of unlike-pair preference and
unlike-pair avoidance as nearest neighbors.

2. Methods

2.1. Materials, testing, and observation techniques

The FeeMneCoeCr HEA was produced by arc-melting pure el-
ements (all >99.9% purity) and subsequently casting into a 150 mm
diameter iron mold under an argon atmosphere. To ensure homo-
geneity, the ingot was re-melted five times and flipped multiple
times. The ingot was then multi-directionally hot-forged and hot-
rolled at the temperature of 1150 �C to the plates with the
dimension of 12 � 80 � 800 mm3, and then, vacuum heat-treated
in at 1150 �C for 24 h for homogenization, followed by rapidly
quenching in water. The plate was hot-rolled with 85% thickness
reduction and finally cold-rolled with 30% thickness reduction. The
final thickness of the sheets was 1 mm. The actual composition,
determined using chemical analysis, was 52.7% Fe, 28.1% Mn, 10.0%
Co, and 9.2% Cr, all in atomic %, only slightly deviating from the
designed composition of Fe50Mn30Co10Cr10.

Tensile specimens were cut along the rolling direction, with a
gauge cross-section of 4� 1mm2 and 15mm in length. The uniaxial
tensile straining was performed using MTS 793 machine at room
temperature and a strain rate of 5� 10�4 s�1, with an extensometer
across the 10 mm initial gauge length. Before tensile straining,
recrystallization annealing was conducted at a temperature of
760 �C for 10 min and 600 �C for 1 h, respectively.
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The constituent phase characterization was made using X-ray
diffraction with Cu target operating at 9 kW (Rigaku Smart Lab
X-ray diffractometer with the Cu-Ka radiation at 45 kV and
200 mA). The samples were scanned through the 2q range from 40
to 100 deg with a step size of 0.01 deg and a counting time of 1 s.
The microstructure before and after tensile straining was then
observed using the electron backscattered diffraction (EBSD) im-
aging in a ZEISS Supra 55 scanning electron microscope with an
EBSD detector. The samples for EBSD were mechanically polished
first, followed by electro-polishing in a solution of 5% perchloric
and 95% alcohol at 30 V. Atom probe tomography (APT) (LEAP
4000X HR) was used to investigate the elemental distribution in
nanoscale. The APT tip was taken from an EBSD sample using the
focused ion beam technique (FEI Helios Nanolab 300).

The foils for TEM observations were thinned and polished to
50 mm thick from the sheets before and after tensile straining. Foils
were then punched to discs of 3 mm in diameter, and perforated
finally in a twin-jet electro-polishing using a solution of 8 vol%
perchloric acid and 92 vol% alcohol at the temperature of �25 �C
and voltage of 30 V. Both atomic-resolution TEM and high-angle
annular dark-field (HAADF) observations were carried out in an
aberration-corrected scanning transmission electron microscope
(STEM, FEI Titan Cubed Themis G2 300) operated at 300 kV,
equipped with a Super-X EDS with four windowless silicon-drift
detectors. The nanobeam electron diffraction was performed un-
der the TEM microprobe mode with an electron beam diameter of
~35 nm. The count rate was in the range of 180e500 cps in quan-
titative energy dispersive X-ray spectroscopy (EDS) mapping with
atomic resolution. The dwell time was 5 ms per pixel. Each EDS
mapping, with a map size of 512 � 512 pixels, took roughly 1 h to
reach the high signal-to-noise ratio.

2.2. Spatial correlation analysis

In a recent work [14], a set of spatial pair correlation coefficients
has been developed to quantitatively gauge the ordering from the
experimental EDS line profiles. The spatial pair correlation coeffi-
cient, CA�BðrÞ, between an A-B element pair is defined as [14],

CA�BðrÞ¼
CðxAð0Þ � CxADÞðxBðrÞ � CxBDÞDffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
CðxA � CxADÞ2D

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
CðxB � CxBDÞ2D

q (1)

where xAð0Þ is the concentration of element A at reference position
(0) in an EDS line profile and xBðrÞ is the concentration of B at the
location a distance of r away, and CxAD and CxBD are the average
composition of A and B, respectively.

A positive CA�BðrÞ indicates that the compositions with r apart
tend to vary synchronously. A negative CA�BðrÞ signals a negative
correlation, i.e., the two are inversely correlated. When A and B are
of the same species, CA�BðrÞ characterize the self-correlation of that
element at r; when not, they characterize the cross-correlation
among different species. In the form of the covariance normalized
by the product of standard deviations (Eq. (1)), CA�BðrÞ falls in [-1,1],
indicating the strength of correlation. In particular, the CA�BðrÞ at r*
is quite informative in revealing the 1st-neighbor CSRO, where r* is
the distance between adjacent projected columns when projecting
a (111) plane along the [112] zone axis. As shown in a schematic of
Ref. [14], when projecting along the [112] zone axis, four 1st-
neighbors will be located at a distance of r* from the center atom
(two on each side), and statistically, the CA�Bðr*Þ can reflect a sense
of whether the A and B are preferred (positive CA�Bðr*Þ) or avoided
(negative) in the 1st-neighbor shell (a set of benchmark tests will
be presented later).

In the ideal case, the projection columns in the EDSmaps will be
arranged regularly, with r* as the interval. Then, the CA�BðrÞ curve
3

would have values only at r ¼ r*; 2r*; 3r*; … However, in experi-
mental line profiles, although the atomic columns are overall
distinguishable, there exist lattice distortion and peak straggling,
which bring non-trivial noise to the correlation analysis if not taken
care of. For example, the distance between adjacent columns can be
widened to a range of distances, instead of a single distance of r*.
Thus, it is vital to robustly identify the exact location of each atomic
column, and then extract the corresponding compositions to
calculate the correlation coefficients. To this end, we develop the
following procedure to locate the atomic columns in experimental
line profiles:

(i) Interpolate a spline representation [42] of the discrete
atomic concentration points for columns covered in an EDS
line scan. The resultant concentration profile, xAðrÞ; in the
form of a spline, allows for the calculation of derivatives at
any location;

(ii) Calculate the 1st derivative, x0AðrÞ, and 2nd derivative, x
00
AðrÞ.

(iii) Locate the A-enriched columns using x0AðrÞ ¼ 0, x
00
AðrÞ<0 and

xAðrÞ> xA. Here, xA is the average of A concentration in the
measured EDS regions. x0AðrÞ ¼ 0 ¼ 0 and x

00
AðrÞ<0 are stan-

dard criteria to locate the local maxima, while xAðrÞ> xA fil-
ters out those local maxima with an atomic concentration
lower than average (thus cannot be referred to as A-enriched
columns).

Note that we only care about the local maxima, as the minima
can either be from the element-depleted columns or from the void
space between columns (which is not what we want), and for the
former case, the column locations can be located from the local
maxima of the other two elements. Later, when calculating the
correlation coefficient, CA�BðrÞ, we no longer use all the concen-
tration values across the entire line profile, i.e., any pair of con-
centrations at two locations separated by any distance r; instead,
we only use the concentrations corresponding to the identified
atomic columns for the calculation of CA�BðrÞ. The robustness of our
correlation analysis is enhanced as a result.

3. Experimental results

3.1. Dual-phase microstructure

Fig. 1 shows the microstructural details after recrystallization
annealing at 760 �C and 600 �C, respectively. Fig. 1a displays X-ray
diffraction spectra for the two conditions, both indicating a dual-
phase (DP) microstructure consisting of the face-centered-cubic
(fcc) and hexagonal close-packed (hcp) structures. Fig. 1b and c are
EBSD IPF micrographs, and Fig. 1d is the phase image. The fcc phase
has a volume fraction of 98% after annealing at 760 �C and 82% at
600 �C, respectively, with an average grain size of 2.5 mm and
0.68 mm for fcc grains. Fig. 1e shows the composition distribution
from the APT measurements. The concentration profiles show a
uniform distribution of Fe, Mn, Co, and Cr elements inside the grain
and across the grain boundary. These basic microstructural features
arewell consistent with those in the study by Li et al. [6], which was
the first to report the design of this DP phase-transformation HEA.

3.2. CSRO observations

The CSRO regions are observed only in the fcc phase of the
present DP HEA, which will be our focus in the rest of this article.
The CSRO has been monitored after recrystallization at two tem-
peratures of recrystallization annealing. The effect of subsequent
tensile straining is also assessed.



Fig. 1. Microstructure of Fe50Mn30Co10Cr10 (at%) high-entropy alloy after recrystallization annealing. (a) XRD spectra after annealing at 760 �C and 600 �C, labeled as 760-a and
600-a, respectively. Both are dual-phase of fcc and hcp structure. (b) and (c) Corresponding EBSD Inverse Pole Figure (IPF) in 760-a and 600-a, respectively. (d) and (e) EBSD phase
images and grain reference orientation deviation (GROD) images for the two microstructures, respectively. (f) 3D APT tip reconstructions of Fe, Mn, Co, Cr atom positions along with
1D concentration profiles taken along the length direction of the tip shown in the inset. XRD, X-ray diffraction.
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3.2.1. Electron diffraction evidence of CSRO
Fig. 2a is the HAADF image of the fcc phase after annealing at

760 �C (labeled as 760-a sample). The Fast Fourier Transform (FFT)
pattern (inset in Fig. 2a) clearly exhibits extra diffuse reflections
(one is circled in yellow as an example) in between the trans-
mission spot (000) and the f311g diffraction spots. This indicates
the presence of additional ordering besides the fcc itself [14,33,36].
Of special note is the diameter of each diffuse disk in reciprocal
space, which is almost one order of magnitude larger than that of
Bragg spots. This indicates that the corresponding coherently
scattering region in real spacemust be very small [33], so small that
they are down to the length scale of CSROs.

Based on the FFT pattern, two inverse FFT (IFFT) images are
obtained to observe the CSRO regions. One is the fcc lattice image
obtained by using the normal fcc {311} spots (see Fig. 2b), while the
other shows the CSRO regions using the diffuse disks (Fig. 2c, a few
CSRO regions are circled in yellow). In both images, it is visible that
lattice planes characterizing the periodicity of CSRO (red lines in
Fig. 2c) have an inter-planar spacing ðdCSROÞ that is twice the dfcc of

f311g planes (red lines in Fig. 2b). This is, exactly, the reason why
the extra reflections appear at the 1

2 f311g positions in the FFT
pattern (inset in Fig. 2a).

Another method is adopted to further ascertain the presence of
CSRO regions. A separate set of nanobeam diffraction observations
were performed, which is able to significantly improve the imaging
contrast when compared to the selected-area mode. In addition to
the expected fcc Bragg spots (indexed), the nanobeam EDPwith the
[112] z.a (Fig. 2d). shows easily discernible extra disks (in this nano
beam case their sizes are determined by the size of convergent
beam, and not by the feature size in real space), all lining up at the
positions corresponding to 1

2 f311g, as marked using arrows. The
CSRO regions light up in the dark-field image (Fig. 2e), taken using
the extra disks. The observations of these extra disks in both the FFT
4

pattern and nanobeam EDP proves without a doubt that the fcc
phase contains CSRO regions.

The same CSRO was also found after the 760-a sample was
subjected to tensile pulling to 36% strain (760-s sample), and also in
the sample after annealing at 600 �C (600-a sample). Fig. 3a shows,
respectively, the FFT pattern (upper panel) and nano-beam EDP
(middle panel) for the fcc phase in the 760-s sample. Both the
patterns show the same extra diffuse disk as those shown in the
inset of Fig. 2a and d. Using these two imaging methods, Fig. 3b and
c are the corresponding IFFT and dark-field images, respectively, to
show the CSRO regions. The lower panel in Fig. 3a is the FFT pattern
in the 600-a sample, while Fig. 3d is the corresponding IFFT image.
The CSRO regions are clearly seen.

Fig. 4a summarizes the statistic size distribution of CSRO re-
gions. Several interesting results are noteworthy. First, both the size
distribution and range of CSRO is basically identical for the mea-
surements from both the IFFT and dark-field images (for both the
700-a and 700-s samples). This indicates that the two methods to
observe the CSRO regions are both effective andmutually verifiable.

Second, the average size of CSRO regions, d, is 0.75 nm, almost
unchanged in all three cases, which is larger than that of 0.55 nm in
VCoNi MEA [14]. Third, the vast majority (90%) of CSRO regions is
less than 1 nm in size. Finally, the areal fraction, fareal, of CSRO re-
gions is shown in Fig. 4b as measured from both the dark-field and
IFFT images. There is a moderate reduction of fareal from 0.22 to 0.17
after tensile deformation for the 760� C-a sample, and fareal is ~0.18
in the 600-a sample.
3.2.2. EDS-mapping of CSRO
We now provide chemical information to discern what kind of

CSRO is present by probing into the detailed arrangements of the
four chemical species (Fe, Mn, Co, Cr) in the CSRO regions. To this
end, EDS mapping was carried out based on HAADF imaging with
the [112] z.a.



Fig. 2. Evidence of CSRO regions in the fcc phase of the 760 �C-annealed sample. (a) STEM-HAADF image of fcc phase with the [112] z.a. Inset: Fast Fourier Transform (FFT)
pattern. Note the presence of extra diffuse reflections (one is labeled by a yellow dotted circle) at 1

2 f311g positions, along with sharp Bragg spots from the fcc phase, e.g. 311
diffraction labeled by a blue circle. (b) and (c) Inverse FFT (IFFT) images of the fcc lattice and CSRO regions, respectively, imaged using diffuse and 311 diffractions. A few CSRO
regions are circled in (c). The spacing of the ð311Þ plane is marked in both images. (d) Nanobeam EDP with the [112] z.a. Note the presence of arrays of extra reflections at 1

2 f311g
positions as pointed by arrows. (e) Energy-filtered dark-field TEM image taken using extra diffractions, showing the CSRO regions. CSRO, chemical short-range order; EDP, electron
diffraction pattern; fcc, face-centered-cubic; TEM, transmission electron microscopy.

Fig. 3. CSRO regions in other samples/states. (a) FFT pattern and nano-beam electron diffraction pattern (EDP) of fcc phase (upper and middle panel) in the 760 �C-strained sample
(labeled as 760-s) and FFT pattern (lower panel) in the 600 �C-annealed sample (labeled as 600-a). All with the [112] z.a. Yellow dotted circles indicate diffuse reflections at 1

2 f311g
positions in both FFT patterns. (b) and (c) IFFT image and energy-filtered dark-field image, respectively, showing the CSRO regions in the 760-s sample. (d) IFFT image showing
circled CSRO regions in 600-a sample. CSRO, chemical short-range order; FFT, fast Fourier transform; IFFT, inverse FFT.
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Fig. 4. Statistical size distribution and areal fraction of CSRO regions. (a) Size dis-
tribution of CSRO regions, together with the average size ðdÞ, measured from both the
IFFT and/or dark-field images in three samples, the 760 �C-annealed sample (labeled as
760-a), the 760 �C-strained sample after tensile deformation to 36% strain (labeled as
760-s) and the 600 �C-annealed sample (labeled as 600-a). (b) Average size and areal
fraction. CSRO, chemical short-range order; IFFT, inverse fast Fourier transform.
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Fig. 5a shows the EDS-map, in 760-a sample, for an individual
element, i.e., Fe (red), Mn (green), Co (blue) and Cr (yellow) by line
scanning across many atomic columns in a typical (111) plane along
the [112] direction. The corresponding profiles of atomic concen-
trationwere summarized in Fig. 5b (its analysis will be presented in
Section 3.3). Fig. 5c displays four EDS maps for individual and a pair
of elements, i.e., Fe (red), FeeMn (red-green), FeeCo, and FeeCr.
Each spot corresponds to an atomic column along the thickness
direction of TEM foil. The intensity (i.e., brightness) of colored spots
depends on the make-up of the column, scaling with the content of
the particular element being probed. Of special note is that the
CSRO can be well described in terms of the preference for unlike
species and avoidance of like pairs. For example, in Fig. 5c, two Fe-
enriched ð311Þ planes (solid white lines, across red spots) sandwich
one Fe-depleted ð311Þ plane (under dashed white lines, in either
the FeCr or the FeCo or the FeMn map, across intense green/blue/
yellow spots but faint or even vanishing red Fe). In other words, the
ð311Þ planes havingmore Fe content relative to the nominal sample
Fe concentration alternate with those containing more Mn, Co and/
or Cr with respect to the average of compositions. Such a chemical
order has a period that doubles the interplanar spacing of fcc lattice.
This explains again why the extra superlattice reflections appear at
the locations which correspond to 1

2 f311g (inset in Fig. 2a and d).
Fig. 5. EDS maps of the 760 �C-annealed sample. (a) EDS-map from the HAADF image with
of atomic fraction. This atomic concentration is the average in each atomic column, and the
typical {111} plane parallel to the <112> beam direction. (c) Close-up maps of Fe and corresp
line marks the ð311Þ plane intersecting the (111) plane in plan-view. Solid white line: Fe-enr
dispersive X-ray spectroscopy; HAADF, high-angle annular dark-field.
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Namely, the CSRO regions are made up of the (Cr, Mn, Co)-enriched
ð311Þ planes interspersed with Fe-enriched planes in between.
Furthermore, the alternating preferential chemical occupancy
usually extends across only a few ð311Þ planes (usually 3 to 5
atomic layers, as seen in Fig. 5c), i.e., a distance of less than 1 nm,
well in linewith the CSRO size (Fig. 4). Chemical ordered entities up
to this length scale meet the definition of the CSROs.

Fig. 6 shows again the EDS-maps but in the 760-s sample. The
preference/avoidance of species is very similar to what has been
described previously. That is, in terms of the occupancy of the four
elements in the CSRO regions, again two Fe (orMn, Cr, Co)-enriched
planes are apart by a distance twice the normal spacing of f311g
planes in fcc lattice, as there is one Fe (orMn, Cr, Co)-depleted plane
in between.
3.3. Analysis of spatial correlation

We now come back to the concentration profile in Fig. 5b. While
the concentration profiles seem to fluctuate randomly, CSRO may
be hidden in the form of some specific fluctuation patterns. As
detailed in Section 2.2, in a recent work [14], we have developed a
set of spatial pair correlation coefficients to quantitatively gauge
the ordering from the experimental EDS line profiles. We also
deliberately synthesized several structural models with known
CSROs to demonstrate the useful features of the CA�BðrÞ analysis
framework. For an equiatomic VCoNi MEA [14], as an example, it
has been proved that for the special quasi-random structure (SQS)
[43] when no preferential ordering exists, CA�Bðr*Þ is close to 0,
while for the structures with VeV avoided in the 1st-neighbor,
CA�Bðr*Þ is negative (which is the most prominent ordering in the
VCoNi MEA) [14]. In this work, we will also employ some synthetic
structural models to demonstrate the suitability of the analysis for
the present quaternary non-equiatomic Fe50Mn30Co10Cr10 HEA.

As a benchmark test, a 29,568-atom Fe50Mn30Co10Cr10 SQS
structure was built by performing swap trials of different-species
atoms until the Warren-Cowley order parameter in the 1st and
2nd neighbor shells are all close to 0. The sample dimension is
~7.0 nm (x) � 6.8 nm (y) � 7.1 nm (z), respectively, with x, y, and z
along ½112�, [111], and ½110� direction. Based on the EDS mapping
for Fe, Mn, Co, and Cr along the ½112� z.a. (Fig. 7a), we derive typical
line scan profiles of a (111) plane along ½110� direction as shown in
Fig. 7b. Although there is no ordering preference in the SQS
structure, the composition fluctuation in the projection columns is
still significant. The pair correlations, CA�BðrÞ, are then calculated
the [112] z.a. The brightness has been normalized for each species. (b) Line scan profile
concentration profile covers neighboring atomic columns, column by column, inside a
onding binary map, indicating Fe enrichment on alternating atomic planes. Each white
iched; dashed white line: Mn-/Co-/Cr-enriched. All scale bars are 0.25 nm. EDS, energy



Fig. 6. EDS maps in the 760 �C-strained sample. (a) EDS-map from the HAADF image with the [112] z.a. (b) Line scan profile of atomic fraction. (c) Close-up maps of Fe and
corresponding binary map, indicating Fe enrichment on alternating atomic planes. Each white line marks the ð311Þ plane intersecting the (111) plane in plan-view. Solid white line:
Fe-enriched; dashed white line: Mn-/Co-/Cr-enriched. All scale bars are 0.25 nm. EDS, energy dispersive X-ray spectroscopy.
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using 30 line profiles (Fig. 7c). The CA�Bðr*Þ of all element pairs are
close to 0 (Fig. 7c), indicating that there is no specific compositional
covariation pattern and proving the absence of CSRO.

As a further test, a Fe50Mn30Co10Cr10 model structure with
FeeFe being deliberately avoided was built. This is realized by using
the FeeFe Warren-Cowley order parameter, aFe�Fe, as the target
function, and swap trials are conducted, starting from SQS struc-
ture, to increase aFe�Fe (positive order parameter signifies avoid-
ance; the order parameters between the other pairs are not
monitored). Similar to that of the SQS structure (Fig. 7), Fig. 8 shows
the EDS maps of Fe, Mn, Co, and Cr along the ½112� zone axis, the
typical line scan profiles of a (111) plane, and the Fe-related pair
correlations for a Fe50Mn30Co10Cr10 structure with aFe�Fe ¼ 0.10.
When comparedwith the case of the SQS structure (Fig. 7a and b), a
similar degree of composition fluctuation is seen in the EDS maps
and line profiles (Fig. 8a and b). However, the negative CFe�Feðr*Þ
and positive CFe�Mn=Co=Crðr*Þ clearly reveals the existence of FeeFe
avoidance and FeeMn/Co/Cr preference in the 1st neighboring
Fig. 7. Chemical mapping and spatial pair correlation simulated for a special quasi-ran
distribution of Fe, Mn, Co, and Cr. The projection is along ½112� zone axis. (b) Typical line co
composition fluctuation from column to column, even though no preferential chemical orde
30 EDS line composition profiles. The location of r* , namely the distance between adjacent c
close to 0, demonstrating the absence of any 1st-neighbor CSRO. CSRO, chemical short-ran
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shell. Overall, such benchmark testing verifies the validity of this
analytical framework on this quaternary non-equiatomic HEA.

As shown in Figs. 7 and 8, in the ideal case, theprojection columns
in the EDS maps are arranged regularly, with r* as the interval, and
the CA�BðrÞ curve has values only at r ¼ r*; 2r*; 3r*; …. In experi-
mental line profiles, however, there is lattice distortion and peak
straggling. The resultant spread-out of the position of each column
needs to be minimized in numerical treatment, so that we can reli-
ably correlate individual atomic columns. To this end, we developed
a procedure to robustly locate the atomic columns in experimental
line profiles (see Section 2.2 for details). Fig. 9a illustrates the iden-
tification of the atomic column locations in the Fe, Mn, Co and Cr
concentration profiles along with an EDS line scan. The colored
vertical lines show the locations of Fe-, Mn-, Co-, and Cr-enriched
columns. Our efforts toward explicitly pinpointing the locations for
the atomic columns enables more reliable analysis of the spatial
correlation at the locations of intereste near the multiples of r*.

After identifying the Fe-, Mn- and Co, and Cr-enriched columns
and their locations, we first analyze whether these columns
distribute with some pattern in space. Fig. 9b plots the distribution
dom structure (SQS) Fe50Mn30Co10Cr10 sample. (a) EDS maps showing the element
mposition profile in a (111) plane (parallel to the e-beam direction). It shows obvious
ring exists in this SQS sample. (c) Pair correlation coefficients, CA�BðrÞ, calculated from
olumns in a projected (111) plane, is marked, and the corresponding C(r*) values are all
ge order; EDS, energy dispersive X-ray spectroscopy.



Fig. 8. Chemical mapping and spatial pair correlation for a Fe50Mn30Co10Cr10 structure with FeeFe deliberately avoided.(a) EDS maps showing element distribution of Fe, Mn,
Co, and Cr. The projection is along ½112� zone axis. (b) Typical line composition profile in a (111) plane (parallel to the e-beam direction). (c) Pair correlation coefficients, CFe�AðrÞ,
calculated from 30 EDS line composition profiles, where A ¼ Fe, Mn, Co and Cr. The location of r* , namely the distance between the adjacent columns in the given (111) plane, is
marked, and the negative CFe�Feðr*Þ and positive CFe�Mn=Co=Crðr*Þ reveals the FeeFe avoidance in the 1st-neighbor CSRO. CSRO, chemical short-range order; EDS, energy dispersive X-
ray spectroscopy.
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of the distance between A-enriched and B-enriched columns from a
total of 10 independent EDS lines, in the 760-a and 760-s samples,
respectively. This probability density distribution is akin to the
partial pair correlation function, gA-B(r), commonly used to gauge
A-B pair distribution correlations in 3D atomic structures. Distinct
peaks (maxima of humps) are observed before the distribution
curve levels off at greater distances, and the locations of the 1st to
4th peaks are marked with dashed vertical lines (Fig. 9b).
Fig. 9. Identifying chemical ordering patterns from the profiles of atomic concentratio
location of element-enriched columns from the EDS line profiles. The red, green, blue and ora
gray lines are the excluded local maxima with concentration lower than the sample aver
derivative, x0AðrÞ, and 2nd derivative, x

00
AðrÞ, are presented for each concentration profile (low

enriched columns (A, B ¼ Fe, Mn, Co and Cr), from a total of 10 independent EDS lines, for the
760-s), respectively. The dashed vertical lines denote the center of four distinct peaks (max
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Interestingly, we find the columns enrichedwith the same element,
FeeFe, MneMn, CoeCo and CreCr, mostly contribute to the 2nd
and 4th peaks, i.e., they are typically being separated by distances of
2r* and 4r*; while the unlike species, FeeMn, FeeCo, FeeCr,
MneCo, MneCr and CoeCr, tend to be 1st-neighbor columns
(at r*), repeating at 3r*. This manifests the tendency toward like-
pair avoidance and unlike-pair preference in the 1st neighboring
shell, which is consistent with, and complements, the finding of the
n obtained from the experimental line scans in EDS mapping. (a) Determining the
nge vertical lines show the locations of Fe-, Mn-, Co- and Cr-enriched columns, and the
age of each element (the colored dotted horizontal line in the upper panel). The 1st
er panel). (b) The probability distribution for the distance between A-enriched and B-
760 �C-annealed sample (labeled as 760-a) and the 760 �C-strained sample (labeled as
ima) observed. EDS, energy dispersive X-ray spectroscopy.



Fig. 10. Chemical ordering identified from experimental EDS profiles. Pair correlation coefficient curves, CA�BðrÞ, between the ten element pairs, of (a) the 760 �C-annealed
sample (labeled as 760-a) and (b) the 760 �C-strained sample (labeled as 760-s). Used in the calculations are concentration data from ten experimental EDS line profiles, each follow
a ‘line scan’ along the ½110� direction, for atomic columns in a (111) plane projected along the in-plane ½112� zone axis. EDS, energy dispersive X-ray spectroscopy.
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alternating A-enriched and A-depleted (B/C/D-enriched) (311)
planes in Fig. 2. Such a trend persists both before and after plastic
deformation (Fig. 9b).

We proceed to extract the pair correlation coefficients to
quantitatively evaluate the strength of correlation between each
element pair. As the locations of atomic columns have been iden-
tified above (Fig. 9a), we will use the concentrations corresponding
to the identified atomic column locations to calculate CA�BðrÞ.
Because the distance between columns is actually a distribution
(over a range) instead of a single number, the distance between
columns is in the form of a ‘peak envelope’, each having awidth and
being bounded by the valleys on either side. Based on Fig. 9b, we
designate the distance ranges of the 1st, 2nd, 3rd, and 4th peak and
sample all the A-B concentration pairs within each peak, and use
Eq. (1) to derive CA�Bðr*Þ, CA�Bð2r*Þ, CA�Bð3r*Þ and CA�Bð4r*Þ. The
CA�BðrÞ results of the 760-a sample are shown in Fig.10a. In contrast
to the SQS case (Fig. 7c), obvious peaks and valleys are observed in
the experimental CA�BðrÞ curves. Let us take the standpoint of Fe
and examine the spatial correlations with various species in
Fig. 10a. When the like elements (i.e., FeeFe) are r* apart, CFe�Feðr*Þ
is at a negative valley, indicating that this like pair prefers not to be
so close by. Unlike species, on the other hand, attract each other, as
FeeMn, FeeCo, and FeeCr all show positive CA�Bðr*Þ peaks at r*.
This trend is also true whenwe take the perspective of Mn, Co, and
Cr, respectively (except for MneCr and CoeCr which are close to
random). Furthermore, the valleys (peaks) at r* will flip to peaks
(valleys) at 2r*, and an alternating ‘up and down’ CA�BðrÞ of major
element pairs persists at the 1, 2, 3 and 4 peaks, in line with the
observation in Fig. 9b. The correlation between atomic columns in
{111} planes serves to demonstrate the ‘like-pair avoidance and
unlike-pair preference’ tendency, forming a pattern that extends
across several adjacent atomic columns. This analysis supports and
expands from the visual observation in Fig. 5c toward a repeating
Fe-enriched (i.e., Mn, Co, Cr depleted)/Fe-depleted (i.e., Mn, Co, Cr
enriched) sequence in terms of chemical concentration.

After plastic straining in the 760-s sample, the amplitudes of
CA�Bðr*Þ overall show a decrease (left panel in Fig. 10b). This sug-
gests a decrease in the degree of CSRO, in line with the reduced
areal fraction of CSRO after tensile straining (Fig. 4b). This suggests
that plastic activities during straining can sometimes disrupt the
local chemical ordering in the as-prepared alloy [26].
4. Discussion

To recapitulate our findings, the presence of CSROs is evidenced
by electron diffraction patterns before and after tensile deformation
showing extra diffuse reflections in between the transmission spot
9

(000) and f311g diffraction spots in both the FFT patterns (inset in
Figs. 2a and 3a) and nanobeam diffraction patterns (Fig. 2d), all
with the [112] z.a. The spatial extent of the CSRO regions is clearly
identified in the IFFT (Figs. 2c and 3b) and dark-field image (Figs. 2e
and 3c). The EDS mapping further dissects the chemical order in
terms of the preferred arrangements of the four chemical species
(Fe, Mn, Co, Cr) across neighboring atomic planes (Fig. 5c).

Interestingly, our results above indicate that even though Cr,
Mn, Fe, and Co are close in atomic size and the magnitudes of their
heat of mixing are rather small, CSRO does develop in the quater-
nary HEA. What is even more intriguing is that the chemical
ordering shows a pattern similar to that found in VCoNi MEA [14]:
the alternating (311) planes and the ‘preference for unlike pairs and
avoidance of unlike pairs’; both continue to hold for the HEA. This
similarity is a bit puzzling, because in VCoNi MEA, V is somewhat
larger than Co and Ni, and intermetallic phases are known for the
system (including a metastable trigonal VNi phase in the binary
sub-system [44]). For FeeMneCoeCr, on the other hand, such a
‘breeding ground’ for developing the particular type of CSRO
observed does not seem to exist. In other words, by comparison
with VCoNi, at least in many local regions Fe seems to play the role
of V while Mn, Cr, Co act like Co, Ni; but the reason for this (in
comparison with other alternatives, other than Fe being the richest
element in concentration) is unclear at present. An in-depth un-
derstanding of this issue demands careful energy computations
with thorough analysis, which is beyond the scope of this experi-
mental study. Compared to ternary MEAs, the addition of a fourth
element increases the diversity of binding between elements. For
example, four unlike pairs, i.e., FeeMn, FeeCo, FeeCr and MneCo
all exhibit a relatively strong tendency to be neighbors (Fig. 9),
elevating the variability of atomic packing in the HEA.

Finally, we re-emphasize that although a number of studies over
the past several years have been devoted to CSRO in H/MEAs, un-
equivocal experimental evidence has remained few and far be-
tween [13,31,32] until our very recent success in the VCoNi MEA
[14]. In fact, several previous experiments [21,31] had to rely on
indirect approaches, such as fitting of X-ray or neutron data, often
requiring extensive computation to claim CSRO. A convincing
demonstration of CSRO has been missing for any HEA containing
more than three elements. This work fills this hole. We note here
that our dataset here offers two specific advantages in proving
CSRO in HEAs. First, in our case, the CSRO offers a detectable
diffraction signal, allowing us to see coherent diffracting domains
directly using dark-field imaging and prove that they are indeed
short-ranged (sub-nanometer) in size in real space. In fact, based on
definitive real-reciprocal space relationship/correspondence, we
have clear and firm proof of the CSRO periodicity. Second, we have
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direct chemical information as to how the constituent elemental
species prefer to reside (in an alternative fashion) in the neigh-
boring atomic planes or columns, directly demonstrating a ten-
dency toward the like-pair avoidance and unlike-pair preference.
We captured this information using atomic-resolution EDS analysis,
together with the quantified pair correlation coefficients charac-
terizing both the characteristic length scale and the strength of the
spatial correlation. Such key information goes well beyond earlier
work about the CSRO in HEAs.

The development of CSRO requiresmostly short-range diffusion,
such that we get to detect it in the as-prepared HEA. A kinetics
study of CSRO evolution would be interesting, but must await
extensive future work to figure out how to quantify the degree of
CSRO accurately along the way of its evolution, for example, at
different temperatures and times of aging heat treatment.

5. Concluding remarks

In sum, our firm identification of CSRO was made possible by
exploiting the appropriate zone axis, nano beam diffraction, dark-
field imaging, atomic-resolution HAADF-STEM with FFT and IFFT,
and atomic-scale EDS composition map. We have presented in this
article a quantitative analysis to analyze planar arrangements and
spatial correlations of like and unlike nearest-neighbor pairs.
Without interference from data fitting and associated artifacts,
CSRO in the Fe50Mn30Co10Cr10 HEA has been irrefutably demon-
strated. Although this HEA does not have an equiatomic composi-
tion sitting right in the middle of the phase diagram such as some
prototypical HEAs, it is nevertheless still a HEA and one that
showed superior mechanical properties [6]. Equi-atomic HEAs may
contain a similar level of, or perhaps even more, CSROs, although
because of the change in composition the CSROs may be of a
different variety (in atomic configuration and ordering pattern). In
general, we expect all solid solutions concentrated with a high
content of solutes to contain CSROs to some degree/extent. In this
regard, Fe50Mn30Co10Cr10 may serve as an extreme case; even in
such a HEA inwhich all the constituent elements are close in atomic
size and have rather small enthalpy of mixing, there is still
detectable CSRO in this seemingly random (ideal) fcc solid solution.
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