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Abstract: Short-range ordering (SRO) is one of the most important structural features of high entropy alloys (HEAs). However, the
chemical and structural analyses of SROs are very difficult due to their small size, complexed compositions, and varied locations. Trans-
mission electron microscopy (TEM) as well as its aberration correction techniques are powerful for characterizing SROs in these compos-
itionally complex alloys. In this short communication, we summarized recent progresses regarding characterization of SROs using TEM
in the field of HEAs. By using advanced TEM techniques, not only the existence of SROs was confirmed, but also the effect of SROs on
the deformation mechanism was clarified. Moreover, the perspective related to application of TEM techniques in HEAs are also dis-

cussed.

Keywords: high entropy alloys; transmission electron microscopy; short-range ordering; deformation mechanisms

1. Introduction

Metallic materials have played an important role in pro-
moting the development of human society. For conventional
alloys, such as aluminum alloys and steels, their properties
were mainly improved through alloying strategies, but they
are increasingly unable to meet the needs of modern industri-
al development. High entropy alloys (HEAs) constitute a new
alloy design concept, which brings the possibility of develop-
ing new high-performance metallic materials [1]. Nowadays,
HEASs and their structural and mechanical properties have at-
tracted extensive attention from scientists [2—4]. In early
studies, HEAs were generally considered as random solid
solutions with randomly distributed constituent atoms at lat-
tice sites [5—6]. However, recent studies have shown that
short-range orderings (SROs) are formed during solidifica-
tion or/and heat treatment due to the complex elemental en-
vironment and interactions between adjacent atoms [7-9].
Controlling the formation of SROs is considered as a prom-
ising way for improving the performance of HEAs. Never-
theless, characterizing SROs in multi-component alloys and
establishing the relationship between SROs and performance
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improvement remains a challenge.

Transmission electron microscopy (TEM) and its scan-
ning mode are powerful tools for finely characterizing mater-
ial structures at the small length scale. Mechanical response
induced by SROs have been illustrated by TEM observations
in some binary systems such as Ni-Cr and Cu—Mn alloys
[10-11]. With the development of aberration correction tech-
niques, atomic-scale characterization has become more and
more precise. Especially, high angle annular dark field
(HAADF) and annular bright field (ABF) scanning transmis-
sion electron microscopy (STEM) combined with spherical
aberration correctors, energy dispersive X-ray spectroscopy
(EDS) with large silicon drift detectors (SDD) are widely
used in identifying the SRO structures. Moreover, recently
developed imaging techniques such as integrated differential
phase contrast (iDPC) and four-dimensional scanning trans-
mission electron microscopy (4D-STEM) have elevated the
microstructural and chemical characterizations of SROs to
new heights. As an interdisciplinary field between physics
and material science, TEM and its various imaging tech-
niques provide new approaches and ideas for in-depth study
of SROs in HEAs.
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In this short communication, we review the latest pro-
gresses in characterizing SROs using different TEM tech-
niques, including high-resolution TEM (HRTEM) with
atomic resolution EDS, energy-filtered TEM (EFTEM),
HAADF/ABF-STEM, iDPC-STEM, and so on. These are ef-
fective ways for revealing the structure, composition, and
atomic packing of local chemical structures in HEAs at the
atomic scale [12]. Moreover, effects of SROs on the deform-
ation mechanism based on TEM observations are also dis-
cussed. Future research areas about application of TEM in
decoding the local chemical structures in HEAs are elabor-
ated sequentially. We aim to provide not only the research
front about SROs in HEAs but also thought-provoking ideas
to inspire future studies.

2. Characterizing SRO by TEM

In some binary alloys, SROs were identified as the exist-
ence of an ordered arrangement of atomic pairs, which could
consist of different atoms over a range of several atomic
scales. Despite the complex interatomic interactions between
multiple components in HEAs, an increasing number of stud-
ies have shown that the atomic arrangement out of the ideal
disorder in HEAs would lead to the formation of SROs, such
as atomic clusters [13], nanodomains and superlattices [14],
and ordered interstitial complexes [15]. The existence of
SROs in HEAs has been demonstrated through computation-
al simulations [16—17]. However, it is still challenging to pre-
cisely characterize SROs through experiments, which are
mainly due to their small size, complexed compositions, var-
ied locations, and so on. Several ways have been tried to
characterize the existence of SROs. Guo et al. [18] studied
the distorted local structure of Zr;sNb,;Hf}; alloy through
neutron and X-ray scattering. Maiti and Steurer [8] studied
the clusters enriched in Hf and Zr in the single-phase
TaNbHfZr through atom probe tomography (APT).
However, there are obvious limitations to the above ap-
proaches. High-energy X-ray results show the overall scat-
tering rather than the local information of site occupation.
APT results have the problems like atomic loss and atomic
displacement during the collection of excited atoms. There-
fore, more accurate and direct characterizing technique of
SROs is necessary to understand their effects on the mechan-
ical properties of HEAs.

With the development of aberration-correction techniques
in (S)TEM, atom-by-atom characterization is no longer a
problem for most materials. Especially for STEM, it has sev-
eral kinds of imaging modes (like bright field, ABF, and
HAADF) with distinct advantages. HAADF-STEM images
are easy to interpret and benefit in characterizing the pres-
ence of heavy elements, because the image contrast is pro-
portional to the atomic number. While ABF-STEM is suit-
able for characterizing the presence of light elements due to
cutting off of direct electron beam. The existence of SROs
can be revealed by combing HAADF and ABF images. Lei et
al. [15] doped TiZrHfNb HEAs with 2at% O, and obtained
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substantially improved tensile strength and ductility, which
broke the strength—ductility trade-off. They then identified
the Zr/Ti-rich and Hf/Nb-rich regions in the TiZrH{ND alloy
through aberration-corrected STEM at HAADF mode, and
directly observed the oxygen atoms in ordered oxygen com-
plexes (OOCs) at ABF mode. Oxygen atoms were supposed
to locate in the octahedral or tetrahedral interstitials of body-
centered cubic (bec) structure (Fig. 1(a)—(c)). To exactly de-
termine the occupying sites of oxygen atoms, Jiao ef al. [19]
further explored the formation of OOCs in the oxygen-doped
bee TiZrNb medium entropy alloy (MEA) by combining the
HAADF-STEM images with integral differential phase con-
trast (iDPC) STEM images. Different from HAADF, iDPC-
STEM has the advantage of low-dose and high signal-to
noise (S/N) ratio [20-21], which is specially benefit in de-
tecting the interstitial atoms against a black background
[22-23]. As shown in Fig. 1(d)—(h), light element (Ti, Zr) en-
richment regions and heavy element (Nb) enrichment re-
gions can be clearly identified in oxygen-doped TiZrNb
MEA. O atomic columns were identified as weak contrast
nearby the Ti/Zr atoms, which indicates the formation of loc-
al ordering structures of OOCs. Up to now, two strategies,
microalloying and heat treatment have been applied to con-
trol the formation of SROs in the HEAs. Atomic-resolved
EDS has the advantage of revealing the differences in chem-
ical affinity between elements and can be applied to analyze
the distribution of elements in SROs formed by microalloy-
ing. Ding et al. [24] replaced Mn with Pd in conventional
Cantor alloys (CrMnFeCoNi), and found through EDS ana-
lysis that the distribution of all elements changed, rather than
simply replacing Mn with Pd. Meanwhile, there was no obvi-
ous aggregation preference for elements, indicating that lat-
tice distortion in HEAs enhanced the driving force for the
formation of SROs, as shown in Fig. 2(a).

Heat treatment is another strategy for regulating SROs.
For example, annealing has been adopted in HEAs to change
the atoms distribution from absolutely disordered to locally
ordered. These locally ordered structures result in the super-
lattice spots in the selected area electron diffraction patterns
(SAEDP) and the bright regions in the dark field image. As
reported by Dasar et al. [25], SAEDP and HRTEM results
showed that CoFeNi MEA containing Al (9.1at%) and Ti
(5.7at%) had a strong tendency to form L1, domain after an-
nealing at 500°C for 0.5 h. Furthermore, the HAADF-STEM
images provide more structural information of SROs. Wang
et al. [26] reported that in the annealed TisoZr;sNb;sV ,Als
HEAs, the surface spacing of the B2 structure SRO was twice
that of the substrate (Fig. 2(b)). Chen et al. [27] also found
SRO regions with similar characteristics in annealed VCoNi
MEA through HAADF-STEM. Filtered images which has
better S/N ratio reflected the V/Co(Ni)/V staggered structure
(Fig. 2(c)).

Recently, several advanced techniques such as adaptive
propagation ptychography (APP) have been developed to ac-
curately detect atomic occupancy. APP can be used to detect
light element atoms in the metal matrix, which is based on the
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Fig. 1. Chemical characterizations of ordered oxygen complexes in the (TiZrHfNb)ygO, HEA [15] and TiZr;)Nb;,O; MEA [19]: (a)
HAADF-STEM image for the [011] bee crystal axis of (TiZrHfNb)ysO, HEA; (b) contrast analysis of (a) revealing the distribution of
OOCs (red squares represent the Zr/Ti-rich regions, and yellow squares indicate the Hf/Nb-rich regions); (c¢) ABF-STEM image of
the same region as (a) (inset is an enlarged view of the OOC, with the white arrows indicating the positions of the oxygen atomic
columns); (d, e) the iDPC images for the [011] bec crystal axis with contrast analysis to reveal the existence of chemical short-range
orderings in the TiZr;)Nb;40; MEA (red squares represent the Ti/Zr-rich regions, and orange squares indicate the Nb-rich regions);
(g1, g2) the enlargements of the orange and red squares in (d), revealing the formed OOCs; (f) schematic diagram of the OOC; (h)
intensity line profile of the red dashed line in (g2), which is obtained by the standard tool of Digital Microscopy software. (a—c) Re-
printed by permission from Springer Nature: Nature, Enhanced strength and ductility in a high-entropy alloy via ordered oxygen
complexes, Z.F. Lei, X.J. Liu, Y. Wu, et al., Copyright 2018.

Intensity / a.u.

phase liner imaging principle [28-29]. In comparison with located in the T and the O sites confirms the possibility of the
the HAADF, ABF, and iDPC imaging techniques, APP has hypothesis that high concentration of interstitial atoms can
the advantage of ultra-high resolution at the sub-A level and adjust the lattice occupation. In addition, electron tomo-
imaging of the light and heavy atoms simultaneously. graphy (ET) in TEM 3D reconstruction technology has at-
Moreover, APP is particularly suitable for observing alloys tracted much attention in materials analysis. By taking pro-

with large lattice distortions, such as M/HEAs. Liu ef al. [30]
directly observed the specific occupancy of oxygen atoms in
bee (TiNbZr)g0,C N, MEAs with a high concentration of
oxygen atoms for the first time using the APP technique
(Fig. 3(a) and (b)). Layered imaging along the [110] and
[111] axes combined with three-dimensional (3D) views of
the crystal structure determined that the oxygen atoms in

jections of the sample in different directions and combining
with the FFT patterns, the direct 3D spatial configuration of
the sample can be obtained, so that the 3D structure such as
crystal orientation, dislocations, and defects can be observed.
This efficient and high-resolution method breaks down the
barrier of only obtaining two-dimensional images (Fig. 3(c)).

(TiNbZr)g0,,C;N; occupied not only the octahedral intersti- Using ET tech.nology, not only the local structural feaunés
tial position (O), but also the tetrahedral interstitial position such as SROs in M/HEAs [31], but also the short and medi-
(T), which is different from conventional MEAs containing um range order of 3D atomic arrangements in metallic

interstitial atoms. Moreover, the number of oxygen atoms glasses [32] have been successfully obtained.
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Ni

Fig. 2. Typical characterization of the short-range ordering in HEAs: (a) EDS mapping of the local concentration distribution of in-
dividual elements in the same region in face-centered cubic structure (fcc) CrPdFeCoNi HEA [24]; (b) the atomic structure morpho-
logy of the aged Tis)Zr;gNb;sV,Als HEAs reflected from (i) the HAADF-STEM lattice images and the corresponding fast Fourier
transform (FFT) patterns (inset), with yellow solid circles marking the extra discs due to the SROs and blue solid circles marking the
Braggs spots of bce matrix, (ii) the IFFT images obtained from the extra discs, with yellow circles marking the several representative
SRO regions, (iii) the IFFT images obtained from the bce Braggs spots, showing the bec lattice, and (iv) the images superimposing
corresponding SROs and bce IFFT images (d,.. is the spacing of {001} planes in the normal bec lattice, while d) ¢ is the spacing cor-
responding to the extra LCO) [26]; (c) evidence of chemical short-range order (CSRO) in fcc VCoNi MEA, including (i) the lattice
CSRO regions (several are circled) and the fec lattice, respectively, and (iv) the superimposed image of (ii) and (iii), with a close-up
view of a CSRO region in the inset (di.. denotes the spacing of {311} planes in the normal fec lattice, whereas dcsgo displays the spa-
cing corresponding to the extra chemical order) [27]. (a) Reprinted by permission from Springer Nature: Nature, Tuning element dis-
tribution, structure and properties by composition in high-entropy alloys, Q.Q. Ding, Y. Zhang, X. Chen, et al., Copyright 2019. (b)
Reprinted by permission from Springer Nature: Nat. Mater., Tailoring planar slip to achieve pure metal-like ductility in body-
centred-cubic multi-principal element alloys, L. Wang, J. Ding, S.S. Chen, et al., Copyright 2023. (c) Reprinted by permission from
Springer Nature: Nature, Direct observation of chemical short-range order in a medium-entropy alloy, X.F. Chen, Q. Wang, Z.Y.
Cheng, et al., Copyright 2021.

3. Revealing plastic deformation carriers in
HEAs by TEM

In conventional alloys, the traditional solid solution
strengthening theory is commonly used to explain the effect
of alloying on the deformation mechanism, owing to the sim-
ilar atomic environment in the matrix and the significant dif-
ference between solute and solvent elements. Additionally,
second-phase strengthening [33-34], grain boundary
strengthening [35-36], and dislocation strengthening [37-38]
have been successfully induced in conventional alloys to
achieve simultaneous improvement in both strength and plas-
ticity. In contrast to conventional alloys, the deformation be-
havior of HEAs shows some unique features as the result of
the high entropy effects, like local chemical ordering [39] and

lattice distortion [40]. Zhao et al. [41] showed that the de-
formation mode of the typical Cantor alloy FeCoNiCrMn
varies with the increase of strain rate, including dislocation,
twinning, strain, or stress induced phase transformation, and
even formation of amorphous phase.

TEM plays an important role in identifying the different
deformation mechanisms. Direct observation of the morpho-
logy of dislocations can be conducted through advanced
TEM based on the theory of strain-lining imaging. Disloca-
tions in the HEAs bring local lattice distortions which leads
to the bending of the atomic plane. Due to the distortion of
the local lattice at Bragg angle, electron diffraction deviated
from the central electron beam, making it possible to image
the dislocation from a different diffraction plane. With the ac-
cumulation of deformation, different dislocation movements
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Fig. 3. Investigation of the atomic site occupation in HEAs: (a) observation of the O-12 alloy along the [110] zone axis (inset shows
the corresponding FFT pattern, indicating a spatial resolution of 0.5 A) and (b) close-up image of (a), compared with structural mod-
els of bee lattice containing T-site and O-site interstitials projected along the [110] zone axis. The oxygen interstitials occupy the T-
sites, rather than the O-sites, in this region [30]; (c) experimental atomic models of two HEAs and atomic layer-by-layer visualization
of the 3D displacement [31]. (a, b) C. Liu, J.Z. Cui, Z.Y. Cheng, ef al., Adv. Mater., vol. 35, art. No. €2209941 (2023) [30]. Copyright
Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission. (c) Reprinted by permission from Springer Nature: Nature,
Three-dimensional atomic structure and local chemical order of medium- and high-entropy nanoalloys, S. Moniri, Y. Yang, J. Ding,

et al., Copyright 2023.

from slip to entanglement and plugging occur. Both disloca-
tion—dislocation interactions and further dislocation gener-
ated from the lattice distortions contributes to the work
hardening of HEAs. Therefore, it is critical to understand the
dislocation enhancement mechanism by the direct observa-
tion of the detailed dislocation behavior in HEAs. Xiong
et al. [42] identified the movement type of dislocations in the
matrix and B2 phases in two-phase eutectic HEA
AlCoCrFeNi,; using double-beam diffraction TEM imaging.
The TEM bright-field images directly show the origin of the
plasticity and strength. On the one hand, the slip transfer of
the dislocations at the interface promotes synergistic deform-
ation of the two phases. On the other hand, the strong hinder-
ing effect of the interface on the dislocations effectively im-
proved the strength. Zhang et al. [43] also observed the rapid
movement of Shockley dislocations and the formation of cor-
responding stacking faults at the crack tip during the early
stages of CrMnFeCoNi deformation through the in-situ strain
analysis in TEM.

Although strength can be significantly improved through
the dislocation strengthening mechanism, loss of plasticity
remains a challenge to overcome. Other defects in the de-
formation process of HEAs, such as stacking fault, twinning,
and even amorphous phases have also been studied. Liu et al.
[44] accurately measured the stacking fault energy (SFE) of

several typical fcc HEAs through dark-field TEM and
demonstrated that the reduction of SFEs contributes to the
formation of more deformation twins. Moreover, reducing
SFE can effectively increase the width of dislocation exten-
sion, thus inhibiting cross-slip transition of dislocation to
twin. The twins are characterized based on the specific dif-
fraction spots between the twin and matrix in the diffraction
pattern, combined with the obvious brightening bands in the
dark field image, as shown by Deng et al. [45] and Jiang
et al. [46]. Laplanche ef al. [47] observed the twins in the
NiCoCr alloys and investigated the extended dislocation
width, confirming that twins were responsible for the high
yield strength and work-hardening rate at low strain levels.
With the development of in-situ TEM, real-time observation
and simultaneous high-resolution imaging have greatly en-
riched the experimental conditions and techniques. Recently,
Wang et al. [48] directly observed the dynamic deformation
process of the crack tips of ultrafine cantor alloys from crys-
talline to amorphous using in-situ technique. By comparing
the morphology changes throughout the crystal-amorphous
transformation using HRTEM, it was concluded that the
transformation was triggered by both the high lattice friction
and the high grain boundary resistance to dislocation slip at
small grain sizes resulted high-stress accumulation at the
crack tip.
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4. Effects of SROs on deformation mechanism
revealed by TEM

In conventional alloys such as Cu—Al alloy [49], the SRO
caused by the addition of solute elements has a significant in-
fluence on the deformation behavior. The in-situ TEM tech-
niques help to clarify the interplay between SFE and SRO,
and the resultant deformation process of submicron-sized
Cu-Al single-crystalline pillars. As discussed above, the
complex atomic environment in the HEAs not only promotes
the formation of SROs but also changes SFE by regulating
SROs, hence affecting deformation modes including disloca-
tion slip, deformation twinning, and phase transformation,
and thereby bringing the new understanding of the deforma-
tion mechanism of HEAs.

4.1. Effect of SROs on dislocation nucleation and slip

In contrast to the direct atomic exchange with vacancies in
conventional alloys with single-principal element, the va-
cancy migration process in multi-principal component en-
tropy alloys is a joint behavior of different atoms, resulting in
higher activation energy for dislocation nucleation [50].
Moreover, the non-random occupation of SRO atoms im-
plies chemical fluctuations, which further affects the disloca-
tion nucleation through the migration process. Smith et al.
[51] analyzed Frank-Read dislocation sources in refractory
HEAs using a phase-field dislocation kinetic model and
found that the existence of SROs reduced the mean critical
activation stress of the Frank-Read sources. Zhao ef al. [52]
demonstrated that the extent of chemical short-range order-
ing in FeCrCoNiMn HEAs can be improved via high tem-
perature aging, which means the overall strengthening of the
alloy can be reflected by increasing the stress required for ho-
mogeneous dislocation nucleation.

Although it’s difficult to study the dislocation nucleation
by TEM, it is still quite useful to explore the influence of
SROs on the slip behavior of the HEAs to understand the de-
formation mechanism. On one hand, the SROs can over-
come the energy barriers brought by the “diffuse antiphase
boundary” and accordingly create channels for dislocation
slip. As the dislocation motion in Cu—Mn alloys [53] and
Ni—Cr alloys [54], leading dislocations in HEAs disrupt
the ordered regions as they pass through the SROs, resulting
in a reduction in local lattice resistance. Subsequently, the
dislocations are inclined to slip in plane due to the reduced
resistance. As shown in Fig. 4, Bu et al. [55] conducted dy-
namic observation of the interaction process between SROs
and dislocations in HINbTiZr becc HEA with the help of in-
situ strain experiments. TEM images show that with the in-
crease of local stress, the dislocations gradually experienced
the process of slipping, local pinning, and finally detaching
from the pinning to form a dislocation ring. Moreover,
through the combination of STEM and APT, it is determined
that the pinning points are Hf-rich and Nb-rich clusters,
which not only leads to the mismatch of atomic radii, but also
leads to fluctuations in local lattice strain. Furthermore, SROs
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cause frequent dislocation pinning and local double cross-
slip, which together promote the plasticity enhancement of
HINDbTiZr bcc HEA. Additionally, the SROs also induce a
“slip surface softening effect” [56], whereby dislocations in
the HEAs are easily captured by energetically favorable re-
gions and repelled by negative ones, forming wavy disloca-
tion lines. Lei ef al. [15] reported that the addition of oxygen
atoms to O-2 HEA promotes cross-slip, and the plastic de-
formation mechanism changes from planar to “wavy” slip via
in-situ strain experiments. Chen et al. [27] also observed the
wavy path of dislocations through the SROs region in VCoNi
MEAs. In other words, the deformation behavior of fcc
HEAs involves multiple cooperative mechanisms of edge
and screw dislocations [57]. He et al. [58] also observed that
there are many stacking faults at the interface between the
SROs and the austenitic matrix near the fracture of FeMn-
CoCrN HEAs, suggesting that the existence of SROs also has
a hindering effect on the dislocation movement during the
plastic deformation.

4.2. Effect of SROs on stacking fault

The deformation mode of HEAs is also controlled by SFE,
which has a significant effect on the dislocation mobility,
cross-slip capacity, deformation twinning, and even phase
transformations [59]. In contrast to conventional alloys, the
local compositional diversity in the multi-principal compon-
ent alloy tends to bring differences in SFE. Owing to the
SROs, shearing displacements on the stacking faults result in
changes in both the order of the atoms and the ordered state
in the region of the stacking faults, which finally leads to the
increase of SFE. Ding et al. [60] calculated by density func-
tional theory that the average SFE of CrCoNi alloys changes
with the increase of SROs. While the SFE can be obtained
through measuring the width of the extended dislocations in a
TEM image [44]. Zhang et al. [61] showed that the SFE
((23.33 = 4.31) mJ-m %) of the CrCoNi alloys with locally
ordered structures was twice that of the alloy without aging
((8.18 = 1.43) mJ-m?) (Fig. 5). Further experiments con-
firmed the effects of SROs on SFE.

On the other hand, the increased SFE could inhibit the
movement of dislocations, resulting in the accumulation of
dislocations and cross-slip phenomenon. For example, Ding
etal. [24] performed in-situ deformation experiments on
CrFeCoNiPd alloys, and the results showed that the presence
of SROs during plastic deformation at room temperature

1
transformed the original two 3 (112){111} partial disloca-

tions to a 60° full dislocation. It is revealed by the variations
in the width of the dislocation cores that the locally ordered
structure could cause fluctuations in the width of the stacking
fault, i.e., increasing the SFE. As confirmed by Lei ef al. [15],
promoted cross-slip of dislocations and enhanced dislocation
interactions can be demonstrated by in-situ TEM and
HAADF, indicating the hardening and strengthened tough-
ness.

Furthermore, SROs can affect twinning and phase trans-
formation through the stacking faults [60], which is mainly
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(d) Pmnmg point Pmmng point Dislocation loop

Local stress increases

Fig. 4. SRO induced dislocation pinning, multiplication, and cross slip in HINbTiZr becc HEA [55]: (a) atom probe tomography 3D
reconstructions of an as-cast sample with the threshold for the iso-composition surface of (al) 30at% Hf and (a2) 26at% Ti, which
highlights the Hf-rich and Ti-rich clusters; (b1) atomic resolution HAADF-STEM image of a pinned dislocation and (b2) geometric
phase analysis (GPA) of the same region (g1, represents the local strain of (110) interplanar spacing); (c) local double cross-slip in-
duced spatial distribution of planar slips and the concomitant pinning induced multiplications (c1—c4); (d) the schematic illustrates
that the pinning assisted by cross-slips enhances the dislocations multiplication and makes the planar slips and dislocation multiplica-
tion incidents spatially distribute. Reprinted from Mater. Today, 46, Y.Q. Bu, Y. Wu, Z.F. Lei, et al, Local chemical fluctuation medi-
ated ductility in body-centered-cubic high-entropy alloys, 28-34, Copyright 2021, with permission from Elsevier.

_ _
(E Clustered ordering
5 e -

Fig. 5. (a) Dark-field images and (b) the associated high-resolution TEM images of the SROs in the 1000°C aged CrCoNi MEA (in-
set in (b) is the associated FFT image); (c) low angle annular dark field (LAADF) images showing dislocation dissociations [61] (b,
and by, are two different 1/6(112){111} partial dislocations, and b represents a 60° full dislocation). Reprinted by permission from
Springer Nature: Nature, Short-range order and its impact on the CrCoNi medium-entropy alloy, R.P. Zhang, S.T. Zhao, J. Ding, et
al., Copyright 2020.

based on the range of transformation pressure in HEAs. It tion. Therefore, the locally ordered structures promote the ac-
was found that HEAs containing SROs exhibit higher critical cumulation of dislocations and the interaction between dislo-
pressures of fcc—hexagonal close packed (hcp) transforma- cations and hcp phases [62].
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5. Perspective

TEM has exhibited great advantages in identifying SROs
in HEAs. However, it is a fact that the specific atomic struc-
ture of SROs remains complex. It is undeniable that future
work is needed to establish a quantitative relationship
between SROs and the mechanical properties. In our view,
the following aspects of TEM need to be urgently addressed.

5.1. Structural description of SROs

As described above, ABF, HAADF, and in-situ TEM
have already played a key role in identifying the SROs in
HEAs. However, visualization of details including the 3D
atomic arrangement or the exact elemental distribution still
cannot be realized precisely. The development of the atomic
reconstruction techniques including 3D-APT and ET en-
abled acquiring the configurations in nanoscale. The charac-
terization of SRO requires more direct evidence by TEM
techniques, in addition to the identification of superlattice re-
flections. Walsh et al. [63] believed that the existence of the
superlattice reflections should not be regarded as incontro-
vertible evidence for SROs, because of the absence of addi-
tional expected peaks. For example, in the characterization of
CuPt type ordered structures, there should theoretically be
rows of atomic columns in the Cu element rich and depleted
regions on the (111). Nevertheless, the associated diffraction
peaks are missing in all experimental representations, both
from electron diffraction and the FFT patterns of the dark
field image. Another theory is that smaller, less resolvable
nanoscale surface defects and surface steps will also form a
similar diffraction phenomenon. Altogether, larger-sized data
of atomic configuration with reliable SROs is necessary for
the deeper study of structure, performance and computation-
al simulation.

5.2. Structure—property relationship mediated by SROs

Although the simultaneous increase in strength and plasti-
city has been successfully realized through regulating the
SROs in the matrix, it is still confusing for establishing the
quantitative structure—property relationship. Meanwhile, the
effect of SROs on the formation and evolution of different
crystal defects requires detailed investigation. In-situ TEM
with different environment currently allows real-time obser-
vation for the evolution of the deformed microstructure, ful-
filling the in-depth applications in the fields of physics,
chemistry, materials, and biology. Ultimately, these will con-
tribute to controlling the performance of HEAs through regu-
lating the SROs.

5.3. Effect of electron irradiation on SROs

In order to meet the demand of high-resolution imaging,
high-energy electron beam leads to the strong interaction
between the high-energy electron and the atoms in the
sample. There does exist the microstructure transformation
induced by the electron irradiation in the previous study
[64-66]. Considering the challenge in understanding the
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evolution of SROs, electron irradiation provides not only a
new route but also a precise location for the sample to study
the SROs. Moreover, the multifunctional TEM enables the
experiments with different temperatures and environmental
conditions.

6. Summary

Short-range ordered structures have been demonstrated to
exist in chemically long-range disordered HEAs as a com-
mon phenomenon. The formation of SROs in M/HEAs can
be controlled by composition design and heat treatment pro-
cess. Although the existence of SROs has been largely
demonstrated by the simulation, it is still challenging to ex-
perimentally characterize them due to their small size, com-
plexed compositions, and varied locations.

The development of advanced TEM techniques provides
the possibility to systematically study the local structures of
HEAs (usually SROs). In addition, observing the structure of
SROs with TEM and corresponding interaction with disloca-
tions and stacking faults are benefit to the in-depth under-
standing of the formation of SROs and its effect on the per-
formance of HEAs. Obviously, integration of different TEM
techniques and other means for the characterization of local
structure are urgently needed to facilitate the developments in
both atomic physics and materials science.
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