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Chemical short‑range order in complex 
concentrated alloys
Wei Chen,*   Lin Li, Qiang Zhu, and Houlong Zhuang

Complex concentrated alloys (CCAs) have drawn immense attention from the materials 
research community and beyond. Because the vast compositional and structural degrees 
of freedom in CCAs can lead to novel properties (e.g., structural and functional) with a wide 
range of applications, the structure–property relationships of CCAs are of critical interest. 
One salient feature in the atomic structures of CCAs is the presence of chemical short-range 
ordering (CSRO). Understanding the roles of CSRO on properties, especially phase stability, 
requires joint efforts from experimental and computational approaches. In this article, we first 
briefly survey the most recent experimental efforts in identifying and characterizing CSRO 
of various CCAs. We then focus on the theoretical and computational techniques that have 
been deployed to investigate the CSRO effects. These computational methods include density 
functional theory (DFT), molecular dynamics (MD), and statistical mechanics methods such as 
cluster expansions and machine learning methods such as creating transferable interatomic 
potentials. Finally, we outline the challenges and future directions of CSRO research in CCAs.
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Introduction
Complex concentrated alloys (CCAs), or high-entropy alloys 
(HEAs), demonstrate four fundamental effects: the high con-
figurational entropy effect, the sluggish diffusion effect, the 
lattice distortion effect, and the “cocktail” effect.1 These effects 
influence various aspects of CCAs, such as their thermody-
namics, kinetics, structures, and properties. However, the pres-
ence of chemical short-range order (CSRO), which refers to 
a chemical preference-induced ordered arrangement of atoms 
over short atomic distances, adds an additional level of com-
plexity, which can significantly impact the structure–property 
relationships of CCAs.

CSRO can stabilize phases in CCAs by reducing the mix-
ing enthalpy, contrary to the high mixing enthalpy that gener-
ally provides a driving force for phase separation. Meanwhile, 
CSRO reduces the strain energy caused by lattice mismatch 
and can mitigate one of the four core effects of CCAs, the lat-
tice distortion effect. CSRO also affects other thermodynamic 
properties, particularly the melting temperature. In a recent 
theoretical study,2 a combination of molecular dynamics (MD) 
and Monte Carlo (MC) simulations was employed to investi-
gate the impact of elemental concentration, CSRO, and atomic 

segregation on the melting temperature of the AlCoFeNiCux 
CCAs with three different concentrations of Cu (x = 0, 0.5, and 
1). It was found that, as the concentration of Cu increases, the 
melting temperature decreases due to the increased occurrence 
of CSRO and atomic segregation with phase boundary. This 
melting temperature dependence on the concentration of Cu is 
consistent with the experimental observed trend.

CSRO can also impact the mechanical properties of CCAs. 
In fact, CSRO strengthening serves as an important mecha-
nism to enhance the strength of CCAs. For instance, Zhang 
et al. have shown that it is possible to alter the mechanical 
properties of CCAs by modifying the degree of CSRO through 
thermomechanical processing.3 In their study, the mechani-
cal properties of the alloys were assessed through bulk ten-
sile tests, nanoindentation, and a diffraction contrast scan-
ning transmission electron microscope (TEM) to determine 
the influence of CSRO. The energy-filtered TEM was used, 
allowing for the observation of CSRO domains in a CrCoNi, 
which agrees with the previous theoretical predictions. More-
over, a direct correlation was established between the pres-
ence of CSRO domains and improved mechanical proper-
ties. As another example, through a combination of various 
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computational simulations, including MC and MD simula-
tions, and density functional theory (DFT) calculations, the 
CSRO was predicted to be present in a CoCuFeNiPd CCA 
and enhances both the ultimate strength and ductility.4 This 
synergistic enhancement is through the formation of face-
centered-cubic-preferred (fccp) and body-centered-cubic-pre-
ferred (bccp) clusters. Specifically, the fccp and bccp clusters 
enhance the strength and ductility, respectively. At the atomic 
scale, CSRO disrupts favorable bonding to increase the resist-
ance for dislocations to slip (Figure 1).

Moreover, CSRO can also impact the functional proper-
ties of CCAs, including magnetic properties of CCAs. For 
example, the presence of CSRO in the FeCoNi(AlSi)x alloys 
alters the atomic nearest-neighbor environment, resulting in a 
decrease in the magnetic moments of the magnetic elements.5 
By accounting for the effect of CSRO, the saturation magneti-
zations (i.e., the maximum magnetization) obtained from theo-
retical calculations align well with the experimental values.

Although CSRO can have significant effects on the proper-
ties of CCAs, there are both computational and experimental 
challenges in understanding and controlling CSRO. To per-
form computational simulations such as DFT calculations 
on the disordered atomic structure of a CCA, suitable struc-
tural models are required to model the CSRO in a CCA. Two 
approaches are commonly used to model random CCAs: (1) 
randomly placing atoms of various elements in fixed lattice 
sites of a large supercell, and (2) creating a special quasi-
random structure (SQS)6 whose correlation functions match 
those of truly random alloys. However, it is important to note 
that these structures are just a “snapshot” of the disordered 
CCA, and multiple calculations must be performed on many 
snapshots to obtain a statistical average of the property being 
studied, such as total energies. An alternative approach is the 
virtual crystal approximation (VCA),7 which uses an averaged 
potential from mixing elemental potentials to describe CCAs. 
Compared to regular DFT calculations of large supercells, the 

VCA method performs calculations on significantly smaller 
unit cells, making it much simpler and less computationally 
expensive. However, CSRO as well as local distortions are 
neglected at the VCA level in the theory and therefore can-
not replicate all four core effects of CCAs. Experimentally, 
detecting and measuring the relatively weak SRO diffraction 
signal is a challenging task.3 Compared to the long-range lat-
tice diffraction signal, the diffraction contrast originating from 
the relatively minor differences in atomic scattering factors 
between the constituent elements of CSRO is naturally faint. 
Additionally, if structural information such as extended x-ray 
absorption fine structure (EXAFS) data are available, experi-
mental data can be used to reveal the pair correlation func-
tions among the constituent elements of a CCA. A structure-
inversion algorithm can also be developed to reproduce the 
EXAFS data in a simulation supercell, which can capture the 
statistical, structural, and electrical characteristics in CCAs, 
bypassing many time-consuming calculations.

Experimental characterizations of CSRO
CSRO is usually analyzed using a range of techniques, 
including x-ray diffraction, neutron diffraction, and transmis-
sion electron microscopy (TEM). However, there are many 
challenges in characterizing the CSRO in CCAs due to their 
unique characteristics. First, in an N-component CCA system, 
there are N(N-1)/2 unlike and N-like atomic pairs. Identifying 
these specific atomic pairs experimentally requires sufficient 
contrast, such as differences in atomic size or mass, between 
the atoms. Second, the CSRO typically emerges on a sub-
nanometer scale, which requires precise imaging of atomic 
rearrangements with a spatial resolution below 1 nm. These 
challenges highlight the need for advanced analytical methods 
to fully understand the CSRO of CCAs.

The conventional method for analyzing CSRO is through 
single-crystal diffraction.8 CSRO produces characteristic dif-
fuse scattering, which can be quantitatively determined by 

x-ray and neutron diffraction, enabling 
the identification of atomic pair cor-
relations. However, for CCAs, high-
precision techniques are often required 
to enhance the scattering contrast.9,10 
For example, when examining the 
local structure of NiCoCr with neutron 
and x-ray diffraction, pair distribution 
function analysis was unable to distin-
guish the bond length and variations 
of pairs between atomic species due to 
the similarity of atomic size and scat-
tering properties. Nonetheless, EXAFS 
analysis revealed a subtle difference in 
the position of the first peak, indicating 
that Cr tends to bond with Ni and Co.9 
Additionally, the presence of CSRO 
in CrFeCoNi was established through 
diffuse x-ray scattering by exploiting 
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Figure 1.   (a) Design of a complex concentrated alloy with five elements (I, II, III, IV, and V). 
Formation of (b) IND, (c) face-centered-cubic-preferred (fccp), and (d) body-centered-cubic-
preferred (bccp) clusters via short-range ordering. (e) The cluster indifferent to fcc/bcc phase 
(i.e., IND clusters) serve as a matrix with the fccp clusters serving as hard fillers to enhance 
the strength and bccp clusters act as (plastically) soft fillers to increase the ductility.4 HEA, 
high-entropy alloy.
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variations of scattering contrast close to the absorption edges 
of each constituent.10 However, interpreting the diffuse scat-
tering from samples can be challenging, and obtaining detailed 
pairwise correlations of chemical order requires large-box 
modeling using either ab initio MD simulations or reverse 
Monte Carlo (RMC) refinement techniques.9–12 Indirect, vol-
ume-averaged bulk experimental techniques leave much room 
for interpretation of how CSRO proceeds at the atomic scale.

Directly imaging CSRO with the atomic resolution in 
CCAs remains a difficult task when using a TEM due to the 
lack of strong elemental contrast. However, recent advances 
in characterization and analysis techniques such as scanning 
transmission nanobeam diffraction with energy filtering, 
high-angle annular dark-field (HAADF) imaging, and high-
resolution energy-dispersive x-ray spectroscopy have started 
to provide promising results in a few CCA systems.3,13–15 
Figure 2 displays the evidence of CSROs revealed in a fcc 
CrCoNi concentrated solution.15 As shown in Figure 2a, the 
HAADF image captured using the [112] zone axis revealed 
the extra superlattice reflections in the fast Fourier transform 
(FFT) pattern, indicating the presence of CSRO. The inverse 

FFT image (Figure 2b) demonstrated that the interplanar 
spacing of the CSRO was twice the interplanar spacing of 
the corresponding normal fcc plane. Further nanobeam dif-
fraction experiments using the [112] zone axis (Figure 2c) 
provided additional evidence of CSRO, improving the sig-
nal-to-noise ratio significantly. In the dark-field TEM, taken 
using the extra disks, CSRO regions are visible and are typi-
cally less than 1 nm in size, occupying approximately 20% 
of the total area in these images (Figure 2d). Additionally, 
using energy-dispersive x-ray spectroscopy (EDS) mapping 
(Figure 2e–f) based on HAADF imaging provided detailed 
atomic arrangement constituting CSROs. Notably, the Cr-
enriched planes alternate with those enriched in Co and/or 
Ni, with alternating chemical occupancy extending across 
only a few planes, indicating chemical short-to-medium 
range order.

The suite of advanced electron microscopy tools has pro-
vided important details of atomic structures in CCAs, shedding 
a light on the evolution of CSRO during thermomechanical 
processing3,15 and establishing connections between CSRO 
and CCA properties.3 However, a quantitative determination 

Figure 2.   Evidence of chemical short-range order (CSRO) in face-centered-cubic (fcc) CrCoNi annealed at 600°C from electron microscope.  
(a) High-angle annular dark-field lattice image of the fcc phase with the [112] zone axis. The inset shows the corresponding fast Fourier transform 
(FFT) pattern, where extra diffuse reflections labeled by a yellow circle indicate the presence of CSRO. (b) Inverse FFT images of CSRO regions 
revealing the interplanar spacing of CSROs is twice that of the corresponding normal fcc plane. (c) Nanobeam diffraction pattern with the [112] 
zone axis showing arrays of extra diffuse reflections pointed out by arrows. (d) Energy-filtered dark-field transmission electron microscope image 
taken using extra diffuse disks. The inset highlights some coherently diffracting CSROs. (e) Energy-dispersive x-ray spectroscopy map showing 
the distribution of Cr, Co, and Ni. (f) Inverse FFT of a specific CSRO region (upper-left) and close-up maps of Cr, Co, and Ni, respectively, for this 
region. All data from Reference 15.
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of CSRO and local atomic structures is still needed, and it is 
unclear whether these observations support theory-predicted 
CSRO.16,17 Recent work has demonstrated a data-driven elec-
tron diffraction approach18 that can overcome the limitations 
of traditional diffuse scattering analysis with orders of magni-
tude improvement in spatial resolution. Nonetheless, although 
TEM provides two-dimensional through-thickness projections 
of CSRO, it limits the measurement of the size and morphol-
ogy of CSRO domains in three-dimensional (3D) space.

CSRO in CCAs can create local atomic-level chemical 
clustering of like elements and result in chemical fluctua-
tions within the material. Atom probe tomography (APT) is 
a powerful technique capable of providing 3D mapping of 
elemental heterogeneities, in principle, at the subnanometer 
scale with high sensitivity for similar elements.19 With near-
atomic spatial resolution and high analytical sensitivity, APT 
can help quantify the size and morphology of CSRO domains 
in 3D. In the CrCoNi sample, for example, closer inspection 
of APT data using partial radial distribution function (RDF) 
analysis shows evidence of Ni clustering extending to a few 
nanometers in radius, with negative Ni–Cr and Co–Cr correla-
tions, consistent with electron diffraction measurements.18,20 
However, the spatial resolution of the APT technique currently 
prevents precise imaging of atomic ordering, particularly in 
domains below 1 nm in diameter. Advanced analysis of APT 
data using machine learning algorithms could help overcome 
this limitation and improve the characterization of CSRO in 
CCAs.

Obtaining accurate and quantitative information about 
CSROs is crucial for establishing the connection between 
CSROs and properties of CCAs. To achieve this, the improve-
ment of scattering contrast among the constituents remains 
a key challenge, particularly for scattering techniques such 
as x-ray, neutron, and electron diffraction. By combining 
advanced modeling methods with scattering techniques, 
high-resolution EDS and APT characterization can provide 
elemental mapping with a high level of detail. Although most 
experimental studies on CSROs in CCAs have focused on fcc 
lattices, more research is needed to investigate other types 
of structures, such as bcc and hexagonal close-packed (hcp) 
systems, in order to gain a more comprehensive understand-
ing of the relationship between CSROs and CCA properties.

Computational predictions of CSRO
The computational study of CSRO has a long history for 
binary alloys. CSRO can be quantified by the Warren–Cow-
ley parameter: αi = 1− PB(i)/xB , where PB(i) is the prob-
ability of B atoms on the ith nearest-neighbor shell about an 
A atom, and xB is the concentration of B atoms of the alloy.21 
In a random alloy, αi = 0 . CSRO exhibits as clustering of like 
atoms, αi < 0 , or ordering of unlike atoms, αi > 0 . The spatial 
correlation of CSRO atoms indicates preferential interactions 
between certain species in the alloy, which is known to affect 
the phase stability of solid solutions,22 mechanical proper-
ties,23 and even electronic properties.24 Experimentally, the 

Fourier transform of the diffuse x-ray or neutron,16,25–27 scat-
tering intensity can measure CSRO parameters.21 Computa-
tionally, first-principles methods with statistical mechanical 
techniques have also successfully verified SRO in many binary 
systems.24,28,29

Despite the importance in alloys, CSRO has been largely 
ignored in the studies of CCAs until recently.17 CSRO reduces 
the configurational entropy ΔSconf, but it can also stabilize solid 
solutions by reducing the mixing enthalpy.30 However, it is 
technically challenging to determine CSRO in CCAs. For 
computations, without knowing the CSRO a priori, SQS can-
not directly predict CSRO. The Korringa–Kohn–Rostoker 
(KKR) Green’s function with coherent-potential approxima-
tion (CPA) predicts CSRO, but it does not consider lattice 
distortion.16 Statistical mechanical methods that combine MC 
simulations with ab initio MD31,32 or first-principles cluster 
expansions (CEs) are more rigorous for CSRO in CCAs. These 
calculations are expensive, but recent results on refractory 
CCAs are encouraging.33,34 The relationship between CSRO 
and lattice distortion is accessible from these methods.35

From a computational point of view, CSRO can be directly 
modeled by MC algorithms. However, this is difficult to 
achieve in MC algorithms that are based on the canonical 
ensemble. To address this challenge, Sadigh et al. recently 
developed an algorithm that effectively models the equilibrium 
properties of phase-segregated multicomponent systems in the 
variance-constrained semi-grand-canonical (VC-SGC) ensem-
ble.36 This algorithm incorporates transmutation moves with 
MD steps, allowing for the inclusion of structural relaxations 
and thermal vibrations in large-scale alloy models. In the past 
decade, this type of hybrid simulation was mostly carried out 
together with the classical force fields such as the embedded-
atom method (EAM). For instance, Li et al. applied the EAM 
potential to study the NiCoCr alloy and found that the CSRO 
changes with alloy processing conditions.37 The variety of 
CSRO can effectively change the ruggedness of the energy 
landscape and raise the activation barriers governing dislo-
cation activities. The impacts of CSRO on the properties of 
CCAs have been extensively studied using EAM potentials, 
such as strengthening,38 solution hardening,39 dislocation 
motion,40 and ductility.4

Despite the popularity of EAM potential in CCA modeling, 
these potentials were typically fitted mainly to elemental prop-
erties and their performances deem to become worse when 
scaled to multicomponent alloys. With an efficient predic-
tive energy model, the CSRO can be more reliably predicted 
from MC simulations.41 For CCAs, reliable empirical poten-
tials are not readily available. Widely used in binary alloys, 
first-principles CE offers a rigorous statistical mechanics 
approach to generate accurate energy models using a lattice 
model.42–44 CE can determine the stable atomic configuration 
with CSRO for a lattice system. In CE, an atomic configu-
ration σ is described by pseudospins for the lattice system. 
The CE predicts the energy E (or any other configurational-
dependent property) for σ as the additions of “interactions” 
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from clusters f  of atoms, such as points, pairs, and triples. 
E(σ ) =

∑
f
mf Jf �Ŵf ′(σ )�

f
=

∑
f
Jf �f (σ ) , where mf  is the 

multiplicity of f, Ŵf (σ ) are cluster functions that form an 
orthogonal basis for the function of the configurational space, 
�f (σ ) is the structural correlation function for f, Jf  are the 
effective cluster interactions (ECIs) that are expansion coef-
ficients for a set of clusters derived from first principles.45,46 
When all clusters are included, the CE Hamiltonian is exact 
and considers atomic relaxations.47 In practice, the expansion 
is truncated to include clusters that are significant in predicting 
E.44 The choice of clusters is vital to the predictive power of 
CE. Cross-validations can reduce under- and overfitting,48 but 
selecting a set of clusters from a large number of candidates is 
still an NP-hard problem with a daunting complexity. Finding 
the best set of clusters is possible for binary alloys,49,50 but it 
is challenging for CCAs due to the combinatorial explosion 
in the number of clusters. The CE method has been applied 
to predict the CSRO in the MoNbTaVW CCA, predicting the 
strongest CSRO pair to be the first nearest-neighbor Mo–Ta 
pair, consistent with the high stability of the B2 Mo–Ta binary 
system.54

Integrating DFT structural optimization or ab initio 
MD with MC simulation is another popular approach to 
study CSRO in CCAs. These methods are computationally 

expensive, but they circumvent the difficulties in constructing 
accurate energy models for CCA systems. Hybrid MC–MD 
simulations have evaluated the temperature-dependent CSRO 
in the MoNbTaW CCA, revealing the B2 ordering between 
mixed (Nb, Ta) and (Mo, W) sites near room temperatures.32 
The effects of CSRO on the stacking-fault energies of CrCoNi 
were investigated in a study using DFT-based MC simula-
tions.17 The DFT-predicted stacking-fault energy for a com-
pletely random CrCoNi yields negative values, in contra-
diction to measured finite dislocation width. However, the 
DFT-based MC simulations found the stacking-fault energies 
are highly tunable for the CCA, giving increasingly positive 
stacking-fault energies with a higher degree of CSRO (Fig-
ure 3). Because the stacking faults in CCAs are correlated 
with transformation-induced plasticity,51 the predicted CSRO 
can potentially be tuned to tailor the mechanical behavior of 
CCAs.

In recent years, machine learning methods have been 
widely applied in materials modeling.52,53 The main idea of 
machine learning in atomistic modeling is to represent each 
local atomic environment in the solid by a set of symmetry-
invariant high dimensional vectors.54,55 Consequently, the 
machine learning potentials (MLPs) are trained by minimizing 
the cost function to deliberately attune the model to describe 

the DFT data. The cost of atomistic 
simulation is orders of magnitude lower 
than the quantum mechanical simula-
tion, allowing the system to be scaled 
up to 1 million atoms. To date, several 
regression techniques, including neural 
networks (NNs),53,56 Gaussian process 
regression,57 and line regression,55,58 
are popular choices for MLP develop-
ment. Many applications based on dif-
ferent MLP models have shown that 
the machine learning approach works 
remarkably well in various atomistic 
simulations.59,60 These encouraging 
results show the promise of using MLP 
to resolve the dilemma of compromis-
ing accuracy and cost for traditional 
models based on DFT or classical force 
fields.

In particular, several MLP models 
have been developed to investigate the 
CCA systems.61–64 Kostiuchenko et al. 
first demonstrated a high efficiency and 
performance of the MTP-derived MLP 
approach on the prototype bcc NbMo-
TaW CCA, as shown on a set of bench-
marked properties, including phase sta-
bility, phase transitions, and CSRO as 
well.61 Li et al. also developed another 
MLP on the same system and investi-
gated both single- and polycrystalline 

a

b c

Figure 3.   Stacking-fault energy (SFE) in CrCoNi correlates strongly with local chemical 
ordering. (a) Distribution of intrinsic stacking-fault energy for the CrCoNi alloys in four specific 
states, which span from random solid solution to the highest degree of chemical ordering 
extracted from the MC simulations. The average SFEs, (b) intrinsic SFE (ISFE)   γisf  , (c) extrin-
sic SFE (ESFE) γesf  , among those four groups are plotted versus the nonproportional number 
of local atomic pairs �δ

k
ij
 for the first, second, and third nearest-neighbor shells.17
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samples to investigate the strengthening mechanism.62 They 
found that Nb enrichment of the grain boundary (GB) and 
intensification of the CSRO can notably enhance the strength 
of the NbMoTaW CCA over a random solid solution. Further-
more, the same group of authors retrained the MLP based on 
another descriptor to study the mobilities of screw and edge 
dislocations over a wide temperature range.63 According to 
their results, the mobility of edge dislocations is found to be 
enhanced by the presence of CSRO, whereas the rate of double-
kink nucleation in the motion of screw dislocations is reduced, 
although this influence of CSRO appears to be attenuated at 
increasing temperature. More recently, the impacts of CSRO on 
the elasticity, vibrational modes, plasticity, and strength have 
also been systematically investigated on both equiatomic and 
nonequiatomic MoTaNbW quaternaries by the MLP approach, 
suggesting a wide range of possibilities to tune the mechanical 
properties of CCA by processing optimization.64

Future directions
Studying CSRO is a promising new direction in the research of 
CCAs. This field requires close collaboration between experi-
mental and computational efforts. Accurate characterization 
and description of CSRO in CCAs are critical for understanding 
the correlation between CSROs and CCA properties, as well as 
for guiding the design of novel CCAs. Furthermore, researchers 
are also interested in exploring how CSRO affects electron and 
phonon scattering mechanisms, as this could have a significant 
impact on the transport properties of CCAs. CSRO has the 
potential to alter the behavior of phonons and electrons, leading 
to changes in phonon and electron scattering that could either 
increase or decrease the scattering of both electrons and pho-
nons, thereby affecting both types of transport behavior. This 
research is particularly significant as there is growing interest 
in developing thermoelectric CCAs that exhibit high electrical 
conductivity and low thermal conductivity.65,66 For instance, 
recent studies have investigated the impact of complex short-
range order on the electrical and thermal transport properties of 
CCAs. Some CCAs, such as CoNiCr, have received particular 
attention for their CSCO. However, many other CCAs remain 
relatively unexplored. Also, most of the existing research on 
CSROs has been conducted through computational studies, so 
there is a need for experimental studies to validate these pre-
dictions. Overall, the emergence of CSRO is a natural feature 
of many CCAs, offering a unique opportunity for managing 
the degree of CSRO and tailoring a variety of properties for 
CCA applications. We anticipate an upsurge in investigations 
into CSRO across diverse CCAs in the foreseeable future, as 
researchers delve deeper into this fascinating characteristic and 
unlock its immense potential for CCA design.
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