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Chemical short-range order (CSRO) is prevalent across many metals and alloys and has recently
gained particular attention in concentrated alloys. The advent of complex concentrated alloys has
spurred renewed interest in understanding and controlling CSRO. Here, we review recent experimental
and theoretical progress on CSRO, highlighting both advancements and ongoing controversies, partic-
ularly regarding its impact on the physical properties of concentrated alloys. For example, a highly
debated issue is the effect of CSRO on mechanical strength, which remains unresolved due to limited
experimental measurements confined to a narrow annealing-temperature range, even for widely studied
alloys like CoCrNi. Evaluation of the CSRO effects on various physical properties is critical to answer
a central question: Can CSRO be transformed into a practical alloy-engineering tool? We also identify
critical gaps in the experimental and theoretical frameworks to achieve this goal. Despite the extensive
study of CSRO, there remains a need for methodologies that enable its practical application in alloy
design. We explore potential solutions, emphasizing the promising roles of machine-learning potentials
and additive manufacturing in creating novel avenues for CSRO control.
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1 Introduction

Complex concentrated alloys (CCAs) have attracted extensive research effort since 2004 [1, 2, 3, 4].
CCAs are also referred to as multicomponent alloys and multi-principal element alloys [5]; when the



number of components exceeds three, they are also called high-entropy alloys due to their higher config-
urational entropy compared to that of conventional alloys, such as binary alloys. Among their attractive
features, the chemical short-range order (CSRO) and its effects in CCAs and other materials have gar-
nered considerable attention in the materials community [6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17]. One
of the current experimental efforts primarily focuses on characterizing CSROs using methods, such as
transmission electron microscopy (TEM), atom probe tomography (APT), and neutron scattering. How-
ever, controversies exist due to the resolution limitations of the instruments and multiple possibilities
in interpreting the characterizations. Advances in the resolutions of these characterization methods by
new technologies are critical. One promising direction for such an effort is to combine these tools with
machine-learning techniques. For example, it has been shown that APT combined with machine learning
can improve characterization quality [10].

Beyond characterization, experimental efforts need to expand toward fine-tuning CSRO and design-
ing alloys with controllable CSRO. Depending on whether CSRO benefits the desired alloy properties,
it can either be promoted or suppressed. Traditional methods offer some control by altering chemical
compositions and annealing temperatures. However, CSRO tuning is often guided more by empirical
practices than by precise theoretical tools, as CSRO is not yet well integrated into existing ICME (Inte-
grated Computational Materials Engineering) frameworks or phase diagrams. For instance, experimen-
talists typically rely on experience to optimize CSRO formation, such as extending cooling times based
on convenience rather than theoretical predictions. Qualitative guidance, like the Hume-Rothery rules,
suggests that significant atomic-size mismatches enhance CSRO due to the structural inhomogeneity that
they introduce. Nevertheless, current techniques only reveal CSRO in a sample post-synthesis through
methods, such as APT or TEM, which adds significant cost and reduces flexibility in CSRO studies. To
advance CSRO research systematically, we must first develop reliable methods to synthesize samples
with precisely controlled CSRO, enabling a more efficient and flexible approach to understanding and
utilizing CSRO in alloy design.

Ideally, theoretical methods, including simulations and modeling, should guide experimental efforts.
However, it is currently primarily used to provide post hoc explanations of observed phenomena, rather
than as a predictive or guiding tool. For example, it is used to rationalize the K-state phenomenon [9]
and to explain the wavy dislocation patterns [14]. The challenge, then, is how to transform theory into a
practical guiding tool. The physical quantities that we need to achieve this include accurate temperature-
dependent CSRO; then, we will know at what temperature to anneal samples to obtain the desired CSRO.
The temperature-dependent CSRO has not been accurately calculated with affordable effort. A few stud-
ies focusing on CSRO do not predict it due to the inefficiency of the methods. Temperature-dependent
stacking fault energy (SFE) is another critical quantity in alloy design but is also challenging to calculate.
For example, in one recent study, the qualitative trend of SFE as a function of temperature was inves-
tigated and attributed to varying CSRO, which can explain the width of stacking faults in experiments
[18]. However, their method, which is based on density functional theory calculations and Monte Carlo
simulations, cannot give a reliable temperature-dependent SFE. The latter requires sufficient sampling
of configurations, which is too expensive for first-principles methods [16]. If we can calculate the dif-
fusion rate or coefficients, we can estimate the time to approach the equilibrium CSRO states. We can
accurately model interactions for the targeted systems and run simulations for a sufficiently long time
to calculate the so-called time-temperature-transformation (TTT) curve for CSRO. In that case, we do



not need the trial-and-error design style to include CSRO. Nonetheless, some of the information remains
inaccessible using current methods. We will discuss the gaps and the efforts required to fill them.

Due to the limitations mentioned above and beyond, controversies exist regarding the effects of
CSRO on various physical properties. For example, there is controversy over the impact of CSRO on
mechanical properties in face-centered-cubic CCAs, such as yield stress. For instance, Zhang et al. ob-
served a substantial difference in yield stress between two groups of carefully prepared CoCrNi samples
with different levels of CSRO. Li et al observed strongly wavy dislocation lines [14], which, according
to the theory of solute-solution strengthening, indicates an additional strengthening on top of the intrin-
sic yield stress. Chen et al. found CSRO enhances both the strength and ductility simultaneously [15].
However, a few studies draw different conclusions. For example, Yin ef al. carefully selected a few
experimental measurements of the yield stresses of CoCrNi [13, 19, 20, 21, 22, 23] and subtracted the
Hall-Petch effect to check the impact of CSRO. Based on the data, they argued that there is no noticeable
difference. We have resolved this issue in a previous study [17], which demonstrates the importance of
accurate theoretical methods. Here, we will discuss techniques and physical quantities that are missing
to help resolve controversies alike.

Despite significant research efforts, the field remains rapidly evolving with ongoing debates sur-
rounding several aspects: (i) the definition of CSRO (whether confined to a limited region or more
extensive), (ii) its formation mechanisms (via heat treatment and chemical doping), (iii) characterization
methods, (iv) computational modeling, (v) its impact on mechanical and other physical properties, and
(vi) its potential as a practical and controllable tool in alloy design. Some challenges are inherent to the
nature of CSRO (weaker than long-range order); others are related to the nature of CCAs (solid solutions
involving similar chemicals with weaker diffraction and contrast). Some are due to technical limitations,
either in simulations or experiments. We will discuss the issues mentioned above and beyond, their ori-
gins, and offer our insights into their solutions. We intend to clarify these points and discuss the current
state of the art in this field.

2 What is CSRO?

There are various definitions of CSRO based on mathematical or physical concepts like probability, pair-
correlation function, structural motifs, local coordination polyhedra, radial distribution function, mutual
information, entropy, and graph-based features. Some are mathematically equivalent, and others are
not. One of the most frequently used definitions is the Warren—Cowley short-range order parameters,
illustrated in Figure 1, where the corresponding long-range order parameter is also shown for compari-
son. The nearest-neighbor CSRO is typically used to characterize chemical ordering; it can be defined
between any atomic sites, ranging from nearest neighbors to infinitely distant neighbors.

Given its importance, we describe the Warren-Cowley definition of CSRO here first. Generally, any
configuration can be defined by occupation variables £. If a site ¢ is occupied by atom type i, ffL =1;
otherwise £;, = 0. Obviously, for a configuration {{},}, >~ &, = 1 and ({;,) = ¢, (concentration of
element p). The Warren-Cowley CSRO is defined as

O‘L’,ju = qlz;,‘V/cH((S#,l, - ) )
in real space, where qfﬂ,, = <£L§,j,> - <£L) (£]). Instead of af;f;,, we find the renormalized CSRO parameter
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Figure 1: The definition of long-range order and short-range order parameters. The BCC lattice is used
to define both types of order parameters, where «, [ represent two types of sublattices. The random and
ordered B2 structures of FeCo are used to demonstrate the two extreme cases for CSRO. Some notations:
N-system size; §ft—site occupation. This figure is adapted from Ref.[24, 25].



iﬂy = (qfﬂl, + cucy)/cy is a physically transparent alternative [17]. The quantity Qf;,jl, conveys the
same information as the Warren-Cowley one but has an explicit physical meaning, i.e., averaged site
occupations for atoms. We still call it the CSRO parameter in this context. Usually, the CSRO of the
nearest neighbors is used. CSRO parameters beyond the nearest neighbors have similar behavior and do
not offer much new information if the concern is the order-disorder transition and the degree of CSRO
(see Figure 5(b) of Ref. [26]).

The term “chemical short-range order” includes at least three pieces of information: (i) First, it is
about the disorder. At zero Kelvin, atoms form an ordered ground state. At finite temperatures, the
disorder is unavoidable in samples on a macro-scale, no matter how small the probability is. Usually, if
the phase state is dominated by ordered phases, we still consider the material to be in an ordered state;
otherwise, ordered materials like line compounds and intermetallics only exist in theory. (ii) Second, it
is about atoms of different chemical species. In a solid state, the same atoms cannot introduce config-
urational entropy, which is the source of chemical disorder. Atoms of the same species can also form
different phases, like liquid and gas, but they cannot coexist at a wide temperature range except at transi-
tion temperatures. Therefore, atoms of the same species cannot introduce short-range order. (iii) Third,
it has a space range, not a long-range, but a short range. But how short? Typically, the spatial extent
of CSRO is limited to the first few coordination shells [27], although there is no clear or universally
accepted definition. What we know is that, in an ideal random solid solution, the CSRO disappears since
there is no correlation between atoms of any species at any distance. In another extreme case, when long-
range order exists, the atomic positions become deterministic due to the maximized atomic correlations.
Conventionally, the atomic pattern in the long-range setting is repeated with perfect periodicity across
the entire crystal, while CSRO is assumed to spread across to only a few atomic distances (nanoscale),
e.g., Ist or 2nd nearest-neighbor shells, and sometimes up to the 3rd or 4th, depending on temperature,
system, and interactions.

To obtain reliable CSRO information, it is vital to examine the cutoff for interactions. The influence
of interatomic interactions on CSRO depends on the specific material system and the methods used to
calculate the interactions. Different systems (e.g., FeCo [24] and Ni-Cr alloys [28]) and various methods
(e.g., CE [24] and generalized perturbation method [28]) can yield very different values, which must be
tested and confirmed for theirto be convergent. If the CSRO in reciprocal space is needed, the cutoff used
to calculate it must be tested as well. The reciprocal CSRO is usually defined as

aup(k) =Y all (R)e’™ R, )
nR

where npg is the cutoff of the real-space CSRO. For a specific material and chosen energy-calculation
method, it is also important to test convergence in the calculation of the reciprocal CSRO.

2.1 Does CSRO have a characteristic size?

Does CSRO have a characteristic size, or is it homogeneous beyond the nano-scale? 1t is inherently
inhomogeneous at the atomic scale — otherwise, it would not exist [29]. According to the definition of
CSRO parameters, even subtle chemical fluctuations can introduce measurable ordering [30]. Therefore,
it seems unreasonable to claim CSRO in a system based on non-zero CSRO parameters. For example,



when ordered clusters with a definite size are embedded into homogeneous solid solutions, CSRO pa-
rameters are non-zero, but such configurations are typically not classified as CSRO [31]. The term “local
chemical ordering” is sometimes used to describe ordered clusters, which cannot be replaced with CSRO.
Notably, when these clusters grow larger in size, they are often treated as second phases. From this point
of view, we do not support the view that CSRO has a well-defined size, although we acknowledge that
some authors may argue otherwise. Rather, we emphasize that CSRO lacks clear or featured spatial
boundaries. In thermodynamic equilibrium, these seemingly independent clusters connect to form huge
clusters, thereby minimizing energy [32].

2.2 'What are possible references to define CSRO?

Is CSRO defined using the ordered state or the random state as the reference? At finite temperatures,
atoms prefer to escape the lattice sites that they originally occupied at zero Kelvin due to thermal fluctu-
ation. Some level of disorder is introduced. Theoretically, we can never approach zero Kelvin, i.e., some
level of disorder or randomness always exists in real materials. In very high-temperature regions that
are right below the melting temperature, alloys usually exist in solid-solution phases. When chemical
elements are similar in atomic size, electronegativity, and the preference for crystal structures in pure
materials, solid solutions are sometimes treated as ideal or regular solid solutions, where atoms are ar-
ranged at random. Both idealized models assume that atoms randomly occupy any lattice sites without
preference. Differently, the ideal solid solutions assume no enthalpy of mixing, while the latter assumes
that the enthalpy Qx4 g is proportional to the concentrations multiplied by an interaction parameter ).
High temperature provides sufficient energy to overcome the preference.

Both the ordered phase (assume only one ordered phase is formed) and solid solutions are ho-
mogeneous on a large scale since the probability of finding a chemical species is proportional to its
concentration. Theoretically, both states are straightforward to describe. They can serve as refer-
ences to define CSRO parameters that describe the intermediate states.  Suppose G is a state func-
tion of the system, and x represents CSRO. When a system is close to the ordered state, we find
G(z) = G1)+ G (1)(z — 1) + G;El) (x — 1)%2 + O((x — 1)?); when it is close to complete ran-
domness, G(z) ~ G(0) + G'(0)x + %zz + O(z?). The simplicity explains why dedicated analytical
models exist to describe states near ideal solid solutions and near ideal ordered states, for which even
analytical solutions are available [33].

2.3 How to make CSRO simulations and experiments consistent and comparable?

The states between the ordered and random phases are complex, and atoms are in a partially ordered
state, a condition common to many materials. Theoretically, it is easy to define CSRO: we check the
averaged probability of the neighboring atoms for a targeted atom, and if it equals its concentration, we
say there is no CSRO. Here, we did not define the volume used to calculate CSRO, which is critical.
In small volumes, we will always have CSRO, although we may say that if it only slightly deviates
from the concentration, there is no CSRO. In a huge volume close to the thermodynamic limit, the value
can approach the true CSRO, when there is no secondary phase. CSRO is affected by sample volumes
in measurements or calculations, which are usually larger in experiments than in simulations. Here
comes another question: How can we make the simulation and experiment for CSRO consistent and



comparable? Currently, our choice of volume in either an experiment or simulation is from a practical
point of view. In theoretical calculations, limited by computational methods and resources, researchers
use the largest possible supercells to model CSRO. In the electron microscopy experiment, the CSRO is
characterized by diffraction patterns that utilize the local part of the sample interacting with electrons.
The guiding principle is that we first need to identify all the individual phase regions and calculate CSRO
for each of the separate phases. It may not be sensible to calculate CSRO for the whole sample if multiple
phases exist. We also need to check the effect of system size on the calculated CSRO and ensure it is
controllable and negligible.

3 Can we accurately characterize or predict them now?

3.1 Experiment

Experimental method to measure CSRO either relies on the contrast or the difference in atoms interacting
with light particles (electrons or neutrons), which is not significant, or suffer from the loss of atoms
(atom probe tomography). We need to improve current instruments to augment the experimental signals
to obtain high-quality data to characterize CSRO, or use machine-learning methods to distill high-quality
information from noisy data.

3.1.1 Transmission Electron Microscopy

Transmission electron microscopy (TEM) is one of the most widely used experimental methods to study
order-disorder phenomena [35] and CSRO [11, 34, 36, 8, 37, 38, 39, 40]. For example, Zhang et al.
used TEM to study CSRO in CoCrNi and found particles of approximately 1 nm distributed in the
FCC matrix [11]. If the boundaries of the so-called particles are vague or uncertain, then it is more
appropriate to use other terminology instead of the word “particle” to avoid potential confusion. If the
boundaries are clear and certain, the claimed CSRO may be more suitably described by local chemical
ordering. The diffraction mode of energy-filtered TEM identified additional diffraction patterns besides
those belonging to FCC, as seen in Figure 2 (a-b). They concluded that these patterns were due to CSRO.
In another medium-entropy alloy, CoCrV, Chen ef al. provided S/TEM evidence of the CSRO, including
a diffraction pattern on the appropriate zone axis, atomic-resolution imaging, and chemical mapping
[34]. Here, CSRO is confirmed with diffuse diffraction disk at the position corresponding to %{311}.
The CSRO region corresponds to a size of 0.6~1 nm, as shown in Figure 2 (c-h). Although additional
diffuse diffraction patterns are commonly used for identifying CSRO, we need to consider whether the
diffraction patterns are indeed due to CSRO.

In a recent study, Walsh er al. found that not all extra electron reflections are necessarily related
to CSRO [8], and the diffuse intensities may originate from planar defects or due to weaker dynamical
effects. In another study, through combined experimental TEM and multislice simulations, Walsh et al.
further demonstrated that these features largely arise from thermal displacement scattering (correlated
atomic vibrations) and static displacement scattering (lattice distortions due to atomic size/charge differ-
ences), which reproduce observed diffuse intensities in key zone axes ([111] and [112]) [41]. Other con-
tributors include incommensurate surface terminations (causing sharp superlattice intensities in the [111]
zone axis), weaker dynamical scattering artifacts (e.g., higher-order Laue zone diffraction, or HOLZ
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diffraction in short), and occasionally planar defects (e.g., stacking faults). Critically, CSRO has a neg-
ligible effect on ambient-temperature diffraction patterns, challenging the widespread interpretation that
diffuse scattering directly signifies chemical ordering in these alloys. The multiple possible origins of
the diffraction pattern indicate that CSRO could be one, and further research efforts are needed to clarify
the issue [37]. This controversy arises partly due to the limited capability of TEM.

3.1.2 Neutron scattering

Unlike in conventional alloys, the different atomic species in CCAs are thought to be randomly dis-
tributed. Their strengths may not be attributed to the anomalous levels of strains [42], and other mech-
anisms need to be explored to explain the variation in strength. Besides the atomic radius and the shear
modulus of the individual elements, the CSRO may play an essential role in the strength of nominally
disordered CCAs [43]. Between two extreme cases—(1) random solid solutions driven by entropic
effects and (2) solid solutions with long-range ordered structures formed due to favorable enthalpy val-
ues—CSRO structures represent an intermediate state, formed by increasing enthalpy through the for-
mation of certain atomic bonds while simultaneously losing a certain degree of entropy. CSRO typi-
cally involves the nearest neighbors of an atom, and it indicates any elemental distribution that deviates
from the average on a local-length scale. The local-atomic structure can be indirectly revealed using
diffraction-based techniques (neutron and X-ray) and X-ray absorption measurements [44].

The choice between the X-ray and neutron diffraction for CSRO studies depends on the alloy ele-
ments. The scattering strength is roughly proportional to the atomic number for X-ray measurements.
An alloy comprised of chemical elements with different atomic numbers has a sharp scattering contrast.
However, the chemical elements with a close atomic number would be impractical for X-ray measure-
ments. Also, X-rays have difficulty detecting light chemical elements. In addition, the immersed volume
for the X-ray measurement is much smaller than that of the neutron due to lower penetration thickness.
Therefore, the crystallite size in the sample prepared for X-ray measurements must be as small as pos-
sible. For neutrons, the scattering length does not have any periodic trend. Then, neutron diffraction
gives a different contrast from that of X-ray. In some cases, the study of CuzAu, as an example, neutron
diffraction is not possible because of the almost identical neutron-scattering lengths [45].

Employing X-ray/neutron diffraction, the total scattering in the analysis of CSRO provides valuable
insight into the atomic structure. When atoms scatter X-rays or neutrons, the direction change depends on
the relative positions of atoms, which can reflect the arrangement of the atoms. A total scattering exper-
iment gives information on both (1) the long-range crystallographic order by analyzing the Bragg peaks
and (2) the short-range fluctuations. The former indicates the lattice parameters. The latter provides not
only average positions of atoms but also CSRO through the diffuse scattering. The diffuse scattering is
across the entire diffraction pattern and forms the central part of the background for powder diffraction.
Diffuse scattering contains the information on the atomic structure or the arrangement of the average
positions. The spatial distribution of atoms relative to one another in a system is usually represented by
the pair distribution function (PDF) spectrum, as shown in Figure 3. The PDF indicates the probability
of finding an atom at a distance, r, from another atom. A peak in the PDF indicates the average distance
of one atom relative to another, which signals local ordering. Valleys suggest that atoms are less likely
to be found. For example, the first peak represents the average nearest-neighbor distance. Its width
depends on the distribution of the inter-atomic distance that is controlled by the number and scattering
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Figure 3: The atomistic models combined with pair-distribution functions (PDFs) provide the quantita-
tive structural information about the types of CSRO. The figure is adopted from Ref. [45].
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length of the related atoms. The peak area is a function of the number and type of correlations at that
distance. Therefore, the PDF gives a weighted histogram of the distribution of distances between atoms.
For the AB3 binary FCC alloy shown in Figure 3, there may be a change in the average interatomic
distances of the different pairs of atoms. Larger atoms may lead to lattice expansion and peak shifts.
The resulting lattice strain can induce an increase in the peak width. The AB and BB average distances
may be different from the AA bond length. Also, the width controlled by the distribution of the inter-
atomic distances may change in comparison with that of the pure monatomic case. By identifying which
peaks change and the extent of the change, the type of order in a system can be revealed. To explore
CSRO, a systematic method for the analysis of short-range order was proposed as follows [45]: 1. The
measured sample should be free of the crystallographic texture to maximize the number of illuminated
crystallites. 2. Measuring the total scattering, preferably using neutron or synchrotron-based X-ray due
to their small wavelengths. 3. By analyzing the total scattering data, suitable atomistic models represent-
ing both long-range and short-range order are produced using either simulation methods (for example,
the reverse Monte Carlo algorithm) or refinement techniques. 4. An iterative procedure is employed
to obtain a statistically good agreement between the information content of pair distribution functions
and that obtained by Fourier transformation of the experimentally measured total scattering data, where
various types and degrees of CSRO were explored. CSRO can be identified through (a) Warren-Cowley
distributions to obtain the type and magnitude of order, (b) the Clapp configuration enhancement factor
to determine the local arrangement of atoms, and (c) Degradation pathways to identify the key structural
motifs and related long-range order structures.

The diffuse scattering due to CSRO may become superlattice peaks when a long-range order is
established: CSRO peak positions are at which the superlattice peaks will form, and the breadth of CSRO
peaks is several times that of the Bragg peaks. For 8-CuZn alloy at room temperature, as an example, it
forms a long-range order structure. With temperature increasing and at the critical temperature Tc, the
structure is disordered. Such an order-disorder transformation can occur in any alloy, regardless of its
crystal structure. For X-ray diffuse scattering, Cu and Zn are close neighbors in the periodic table that
feature similar X-ray scattering factors. Then, X-ray diffuse scattering is not possible to detect the order-
disorder transformation. Neutron diffraction is a feasible technique. The average neutron- scattering
lengths differ appreciably for these pairs of atoms. This difference can be enhanced by using isotopes
[46].

The CSRO was often investigated in austenitic Ni-based alloys. NiFeCr alloys retain a disordered
FCC structure from the melt to liquid-helium temperature. By analyzing diffusely scattered intensity
from the single crystal, the first experimental evidence of ordering between Ni and Cr atoms in stainless-
steel-type alloys was obtained [47]. In a second example, the atomic redistribution under irradiation
in austenitic NiFeCr alloys has been investigated by diffuse neutron scattering. The changes in CSRO
induced by irradiation could be attributed mainly to the formation of Ni-Cr pairs [48]. For a CoCrNi
alloy, Co and Ni are highly similar in atomic sizes, electronic structures, shear moduli, and many other
aspects. To detect the possible structural distortion of the CoCrNi alloy, a total scattering measurement
was conducted with neutron diffraction for the polycrystal samples. For neutron total scattering, the PDF
spectrum was well refined with a randomly distributed FCC structure model over the whole range. A
Rietveld refinement of the neutron PDF spectrum of the CoCrNi yields a Debye-Waller (DW) factor that
is noticeably larger than that of pure Ni at room temperature. However, a PDF analysis cannot distin-
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guish the bond length and vibrations of pairs between different atomic species because of the very similar
atomic sizes and comparable neutron-scattering properties. To obtain the detailed local-structure infor-
mation, the extended X-ray absorption fine structure (EXAFS) technique was employed. In comparison
with PDF, which renders the information for a large number of coordination shells, EXAFS provides
the first couple of shells. The DW factors derived from EXAFS indicate the relative change in the bond
length. Smaller DW factors of Cr-Ni and Cr-Co suggest that there exists a CSRO in which Cr atoms tend
to separate from each other, and more Ni(Co)-Cr pairs exist [49].

3.1.3 Atom Probe Tomography

Atom probe tomography (APT) has emerged as a powerful tool for analyzing CSRO at the atomic scale.
Due to its high spatial resolution and elemental sensitivity, APT enables the three-dimensional recon-
struction of materials with near-atomic precision. However, inherent challenges, such as anisotropic
spatial resolution and imperfect detection efficiency, impose limitations on its ability to characterize
CSRO accurately. To overcome these constraints, researchers have explored data-driven approaches,
particularly leveraging machine learning (ML) to enhance the analytical capabilities of APT.

A recent development in this direction was introduced by He et al. [7], who proposed a data-driven
framework to quantify CSRO in CoCrNi alloys. Their approach accounts for APT’s spatial resolution
errors and detection inefficiencies by establishing threshold values for identifying regions where atom-
istic neighborhood information remains reliable. By applying correction factors, this method improves
the accuracy of CSRO analysis, offering a more precise representation of atomic arrangements.

In a parallel effort, Li ef al. [51] introduced a machine-learning-assisted APT strategy, termed ML-
APT, which employs convolutional neural networks (CNNs) to enable tomographic imaging of CSRO in
various engineering materials. The methodology begins with the generation of simulated spatial distri-
bution maps (SDMs), which serve as a training dataset for CNNs to recognize ordered and disordered
structures. Experimental SDMs are then extracted from APT datasets and processed using the trained
models to reveal chemical and crystallographic details of CSRO. This technique has successfully been
used to investigate long-standing questions in Fe-based alloys, such as the K-state behavior in Fe-Al and
Fe-Ga systems. The ML-APT framework enabled the identification of unexpected B2-CSRO in Fe-Al
alloys and modified DO3-CSRO in Fe-Ga alloys, offering more profound insights into their structural
characteristics.

While ML-APT has proven effective, it initially required prior knowledge of potential CSRO con-
figurations, limiting its applicability in complex alloy systems. To address this, Li et al. [10] further ex-
tended the ML-APT framework to analyze CSRO in CoCrNi alloys without predefined CSRO structures.
By systematically evaluating elemental pair correlations along different crystallographic directions, they
deduced the presence of L.15/DO2s- and L1;-CSRO configurations in CoCrNi alloys [Figure 4]. The
fruitful quantitative information on these CSRO structures, such as their number density, size, and mor-
phology, can be obtained. This advancement pushed the resolution of CSRO domain recognition below
1 nm, expanding APT’s capability to study chemical ordering at the nanoscale, even in compositionally
complex alloys [52].
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Figure 4: Multiple types of CSRO domains in 3D in an annealed CoCrNi alloy obtained using the pro-
posed machine-learning APT approach[10, 50]. a, Experimentally derived CSRO configurations and
elemental site occupancies. b, Three-dimensional map of the L12/DOa2s-type CSROs. c¢-d, The corre-
sponding morphology and size distributions.

14



3.1.4 Best practices

Although the experimental techniques can all be used, their limitations are apparent, as we have dis-
cussed above. For example, TEM use the diffraction patterns additional to a reference (ordered or
random system) to identify CSRO, which may have multiple origins (e.g., planar defects and weaker
dynamic effects); APT provides three-dimensional real-space reconstructed structure on atomic scale,
where chemical ordering can be directly observed but suffers from anisotropic spatial resolution and im-
perfect detection efficiency; neutron scattering provides PDF information that reveal CSRO through the
derivations from ideal structures, which suffers from peak overlap (peaks from multiple atom pairs often
overlap) and resolution limits.

Due to the limitations, we recommend the best practices to interpret CSRO, which include: (i) per-
form multiple characterizations for different parts of a single samples or multiple samples to obtain
statistically reliable results; (ii) utilize multiple experimental techniques for cross-validation, e.g., the
usage of both TEM and APT to characterize the same sample, which can significantly increase the reli-
ability of results; (iii) adopt theoretical simulations to validate experimental observations, e.g., use MC
simulations to directly calculate the CSRO and compare it with the experimental measurements; (iv)
avoid exaggeration when the data is insufficient to draw reliable conclusions.

3.2 Theory

We summarize a few theoretical methods used to calculate CSRO in Figure 5. CSRO is a statistical
property that can be calculated from either Monte-Carlo/molecular dynamics simulations or analytical
approximations. Such calculations require numerous repetitive energetic calculations to obtain CSROs
close to the equilibrium states, which is impractical to use computationally expensive first-principles
methods like density functional theory explicitly. Directly using the first-principles method to drive
Monte Carlo or molecular dynamics is theoretically possible, but this method only provides a qualita-
tive trend of CSRO, not an accurate CSRO at a given temperature. Therefore, various computationally
efficient surrogate models have been developed, which rely on first-principles methods to generate data
to determine surrogate models. Then, these surrogate models are utilized in Monte-Carlo or molecular
dynamics simulations to calculate CSRO.

Typical surrogate models include (i) traditional empirical potentials, e.g., embedded atom meth-
ods (or EAM in short), (ii) machine-learning potentials that have attracted extensive attention recently,
(iii) cluster-expansion-type models, such as the original rigid lattice model [53], atomic cluster expan-
sion (ACE) [54], the moment tensor potential (MTP) [55], etc. From a general viewpoint, some recent
cluster-expansion-type potentials, such as ACE and MTP, can also be grouped with machine-learning
potentials, as they are formulated in a variational form with unknown parameters that can be optimized,
similar to training a machine-learning model. Typical machine-learning potentials include those based
on deep neural networks and Gaussian approximation potentials (GAP) [56], among others. In contrast
to the aforementioned surrogate models, Green function-based Korringa-Kohn-Rostoker (KKR) meth-
ods [57, 58], such as the cluster-averaged coherent potential approximation (CPA) method [59] and the
locally self-consistent multiple scattering (LSMS) method [60], offer a direct and ab initio link between
CSRO and the electronic density within the framework of DFT. The KKR methods, depending on spe-
cific implementations, can yield CSRO-related information without sorting to statistical simulations.
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Figure 5: Summary of theoretical methods for CSRO calculations. We also comment on whether the
strain-induced energy is included and whether the computed CSRO is close to the equilibrium.
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However, they can also be used to inform surrogate models for statistical simulations [61].

We briefly comment on two features of the individual methods in Figure 5, i.e., (i) whether the
strain-induced energy is included and (ii) whether the computed CSRO is close to the equilibrium.
Cluster-expansion-type surrogate models typically do not explicitly include strain-induced energy in
their computed total energies. However, the strain-induced contribution can be added, assisted by the
elastic Green function [17]. Green function-based KKR methods are theoretically capable of incorporat-
ing lattice distortions. For instance, the LSMS method can achieve this via a supercell approach, while
the KKR-CPA method can employ an alloy-analogy model, which involves averaging over a discrete set
of displacements specifically chosen to reproduce the thermal root mean square average displacement
at a given temperature [62]. Many machine-learning interatomic potentials allow relaxation of atomic
positions, such as GAP, MTP, ACE, etc. This feature is similar to traditional empirical potentials. How-
ever, some on-site machine learning potentials, such as the low-rank potentials developed in [63], can
only implicitly consider the strain-induced energy but cannot explicitly include this energy contribution
by allowing atoms to relax. The traditional empirical potentials, primarily based on the EAM method,
enable atomic relaxation and explicitly include the strain-induced energy. Limited by computational ef-
ficiency, the direct method that uses DFT to inform statistical simulations is impractical for calculating
CSRO close to the equilibrium. It can yield a CSRO trend but cannot accurately determine the CSRO at
a given temperature. The other methods included in the figures, albeit with lower accuracy, can calculate
CSRO at a temperature close to the equilibrium. More details beyond these two features are elaborated
on in the section below.

3.2.1 Green function-based method

Diffuse scattering intensities in alloys—measured using x-ray, electron, or neutron techniques — provide
critical insights into ordering tendencies, especially in the solid-solution phase above structural transfor-
mation temperatures, where most processing occurs. However, despite their technological relevance,
multicomponent alloys present significant experimental and theoretical challenges. As a result, most
studies have focused on binary or pseudo-binary systems, with only limited exploration of true multi-
component behavior. This raises key questions: How can diffuse scattering be interpreted in complex
alloys, and how can theory accurately predict their ordering tendencies?

The Green function-based linear-response method, developed within the Korringa-Kohn-Rostoker
coherent potential approximation (KKR-CPA) framework, provides a robust first-principles ap-
proach—via the concentration wave formalism—for calculating CSRO in these multicomponent dis-
ordered alloys [64]. As we have discussed in Sec. 3.1, CSRO is experimentally accessible by diffuse
scattering techniques (X-ray, electron, or neutron), which enable the extraction of the Warren—Cowley
CSRO parameters, «,,,, (k) at the wavevector, k. These parameters represent normalized pair-correlation
probabilities. For multicomponent alloys, diffuse scattering intensities are typically expressed in Laue
units,[64, 26, 65, 66, 67, 68, 69, 70, 71, 72, 73, 74, 75] taking the form:

I(k) = Z cu(Opw — ) [fu — fzz]2 oy (k) 3)
wv
where f, is the atomic form factor of species, y, and ¢, is its composition. Only off-diagonal v, terms

contribute to scattering if there is sufficient contrast (f, # f,). In binary A-B systems, for instance, the
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single off-diagonal app (k) is directly measurable, with diagonal components recoverable via sum rules
derived from the optical theorem. The interpretation is straightforward: in regions where an A atom
is absent, a B atom is preferentially located in an ordering pattern determined by k. The normalized

.. ]
pair correlations, «,7,(k), are defined via o7, (k) = #ﬁ)@)

qffl, (k) = <£L§£> - <§ZL> (&) and ¢!, is the site occupation variable. These quantities in reciprocal space
have the same mathematical forms as their real-space counterparts.

Linear-Response Formalism: Using linear-response theory, CSRO parameters are computed from
second-order concentration variations in the alloy grand potential [64]. The relevant quantity is the

, Where the pair-correlation function is

chemical stability matrix Sfﬁ,) (k), given by:

O 1} 552 (), @

Cu CN

[ ()], = [

where 3 = (kgT)~! and the indices i, v run over the N — 1 independent species. At the spinodal
temperature, T, the lowest eigenvalue of [¢~ (k)] vanishes, signifying the onset of ordering. The
corresponding eigenvector identifies the ordering mode and chemical species involved. In the linear-
response theory, S,(E,,) (k) is the second variation of the alloy Grand Potential with respect to composition
fluctuations, evaluated in the high-temperature disordered phase.[64, 65] That is, expanding the interact-
ing electronic part of the free-energy in a functional Taylor’s series relative to the disordered alloy, we

find[70, 72, 73, 74, 75] that
AF({CL}) = F({CL})_F({EM})
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and where the first variation is zero by symmetry of the disordered state. The Brilliouin zone (BZ) in-
tegral is over that of the solid-solution’s Bravais lattice, where the fluctuations, CL — ¢, (i.e., Fourier
wave Acy(k)) happen. The total alloy free energy, F' = Fy + Fiy, can be written as the sum of
non-interacting, Fp, and interacting, Fjy, contributions, where Fj is related to point entropy (Sp;) [i.e.,
TSy = —k:BTZcL In cL], and Fjy; comes from electronic structure (ion-ion, band-energy, double-
counting and exchange-correlation). S /(5,) (k) is determined from Fjy in the solid-solution phase. The
above formalism, implemented using KKR-CPA Green’s function methods[64, 65, 68], allows for the
evaluation of o, (k) in terms of electronic structure effects such as band-filling, hybridization, Fermi
surface nesting, and van Hove states.

If evaluated in the homogeneous state, o, (k) is an approximation to the state with actual CSRO,
and it can be calculated with the KKR-CPA linear-response framework. The ability to compute CSRO
parameters, o, (k), and associated instabilities from electronic structure enables fundamental insights
into chemical ordering, which are crucial for the design of CCAs and other disordered materials.

We provide one each examples of refractory CCAs, i.e., BCC TaNbMoW (Figure 6a-c) [65] and a

medium-entropy alloy (MEA), i.e., FCC CoCrNi (Figure 6d-g) [76], that reveal how electronic mecha-
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nisms, such as Fermi-surface nesting or thermodynamics, govern the onset and nature of atomic CSRO
in chemically complex alloys.

Notably, in the BCC TaNbMoW, CSRO above the spinodal temperature 75}, in Figure 6a is dominated
by Ta—Mo bainry interactions, with a prominent peak at an incommensurate wavevector, ko ~ %(P —H),
exceeding that at I'. This suggests long-period modulations driven by electronic instabilities, consistent
with the behavior of S%)Mo(k; T'). Real-space pair interactions, particularly for the BCC TaNbMoW,
show oscillations up to the 30th shell in Figure 6b, with amplitudes between —1 and +1 mRy-signatures
of Fermi-surface effects. The (001) Fermi surface projection confirms nesting near q; = %(F — H),
Figure 6b, correlating with diffuse scattering peaks. These features establish that the observed CSRO
leads to experimentally observed clustering, which originates from flat electronic dispersion near the
Fermi level. The (001)-projected Fermi surface convolution in TaNbMoW clearly shows nesting features
atqs = %(F — H) in Figure 6¢, which correlates directly with diffuse intensities in Figure 6a. Greens’s
function-based linear-response theory could capture these intricate details as it considers all ranges of
k—space interaction, which are handled on par with one another [64]. In contrast, recent results from the
generalized perturbation method (a real space method) suggested commensurate CSRO with a B2+B32
mixed groundstate, from an unknown origin with Fermi-surface effects improperly dismissed [77]. The
difference between the two methods is related to the relative numerics of the generalized perturbation
method (GPM) and the real-space method (over 70 shells arising from embedding pairs of atoms at
varying ranges) [65].

The FCC CoCrNi alloy is another tricky example where CSRO reveals distinct ordering tendencies
and structural properties [11, 78, 79, 80, 76, 81]. In Figure 6d, the CSRO is plotted along high-symmetry
directions in the Brillouin zone at 1.157%;, (T, = 300 K), which shows a dominant peak near the
X-point, with values exceeding 2.0 Laue, indicating a strong predisposition toward L1s-type ordering.
The competing tendencies between Ni-Co, Ni-Cr, and Co-Cr pairs are evident, as each shows different
wavevector preferences and CSRO amplitudes. This internal competition contributes to complex chem-
ical ordering patterns. Temperature-dependent CSRO plot for Ni-Co pairs in Figure 6e shows a clear
reduction in ordering amplitude with a change in temperature from 1,473 K to 350 K. At 350 K, CSRO
is still well-defined and concentrated near X (001) and W (1,1/2,0) points, but by 1,473 K the correla-
tions are significantly suppressed, approaching a nearly random alloy. This thermodynamic evolution
underscores the entropy-driven disordering process and also reflects the small energy scales associated
with ordering in this system—on the order of a few milli-Rydbergs.

Formation energies in Figure 6f provide insight into the relative stability of potential ordering phases
of the CoCrNi MEA. The disordered FCC phase is taken as a reference, while several ordering candidates
such as D023, MoPty, and L1s lie 5-7 mRy lower in energy. The CSRO-based prediction, marked in
red, lies closest to D0g2, indicating that the observed short-range correlations may be precursors to this
phase, even in the absence of full long-range order. Neutron-diffraction patterns from aged samples
further validate these predictions. The neutron-diffraction image in Figure 6g shows diffuse intensity at
non-Bragg positions (e.g., 012 and 021), which matches with the FCC + L1y CSRO scenario predicted
theoretically. The correspondence between accurate CSRO predictions using a linear-response theory
and neutron data affirms the role of electronic-structure-informed first-principles methods in explaining
and predicting ordering behavior in multicomponent alloys, even in regimes weakly dominated by short-
range correlations, as exemplified in FCC CoCrNi.
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Figure 6: Chemical short-range order (CSRO) in the BCC TaNbMoW and FCC CoCrNi alloys. CSRO
was calculated using an electronic structure method based on Green’s functions. a, Momentum-resolved
CSRO for the BCC TaNbMoW showing dominant incommensurate ordering near k, ~ %(P—H), driven
by Ta-Mo correlations. b, Real-space pair interactions, S®)(r), for Mo—W pairs in various compo-
sitions, highlighting long-ranged oscillatory behavior due to Fermi-surface nesting. ¢, (001)-projected
Fermi surface convolution in TANbMoW showing nesting features at q; = %(I‘ — H) that correlate with
diffuse intensities. d, CSRO in FCC CoCrNi at Ty, = 300 K, indicating strong Ni—Co-driven order-
ing tendencies around X and W points. e, Temperature dependence of CSRO from 350 K to 1,473 K,
showing thermally induced disordering. f, Formation energies of various ordered structures relative to
the disordered FCC phase; the red circle shows the energy of the CSRO-predicted structure. g, Neutron-
diffraction pattern from aged CoCrNi showing diffuse peaks consistent with L.15-like CSRO, validating
the theoretical predictions.

20



Advantages, drawbacks, and future directions: The Green function-based approach provides a pow-
erful ab initio framework for modeling atomic interactions in multicomponent alloys without relying on
empirical parameters. At the core of the approach is a first-principles, electronic-structure-based method
for predicting CSRO. By employing a linear-response formulation within the coherent potential approx-
imation, this approach captures the thermodynamic fluctuations around the disordered state, making it
well-suited for complex and high-entropy systems. This method predicts both the sign and magnitude of
atomic interactions, offering insights into mixing behavior and phase stability. Additionally, it can iden-
tify dominant ordering vectors in reciprocal space, enabling the construction of free energy landscapes
and the prediction of phase transitions such as spinodal decomposition or ordering tendencies.

In multicomponent alloys, this Green’s function-based approach provides a complete understand-
ing of ordering tendencies requiring not only identifying unstable wavevectors but also determining the
polarization of the associated ordering waves. These polarizations, which reflect the directional charac-
teristics of atomic correlations, can be obtained from CSRO—both theoretically and experimentally—and,
notably, through analysis of diffuse-scattering intensities, an insight that has been largely overlooked.

While the theory operates within a mean-field approximation, it accounts for various competing
electronic and entropic mechanisms on equal footing. This is especially relevant in metallic alloys,
where key energetic differences are often just a few milli-Rydbergs, making even a 10% error in cal-
culated transition temperatures remarkably accurate—sometimes performing even better. When CSRO
predicts a low-temperature ordered phase, the method also reveals the electronic driving forces behind
the transformation[82]. However, it does not capture effects such as statistical fluctuations beyond mean
field or cluster-level entropy, which can lead to first-order transitions absent in CSRO. In such cases, more
advanced statistical approaches like Monte Carlo simulations may be employed, provided the relevant
energetics can be computed with sufficient relative accuracy.

3.2.2 Explicit DFT-Monte Carlo approaches

First-principles methods, such as density functional theory (DFT), can be directly used to drive molec-
ular dynamics (MD) or Monte Carlo (MC) simulations. Joint efforts of these methods can calculate the
CSRO at different temperatures. Given the computational cost of DFT, MC based on it can only pro-
vide a qualitative trend of CSRO rather than a temperature-resolved CSRO [18]. Theoretically, it can
be used to calculate temperature-dependent CSRO, but it requires an impractically long time to achieve
equilibrium. The hybrid MC/MD methods have been developed to accelerate simulations toward equilib-
rium. However, obtaining the equilibrium CSRO is not straightforward. Nonetheless, we can still obtain
qualitative information on CSRO from such methods.

The temperature-dependent CSRO provides ordering information at thermodynamic equilibrium.
Theoretically, this thermal trend cannot be achieved; it can only be approached asymptotically. In prac-
tice, the system is treated as being in thermodynamic equilibrium after a certain amount of time, when the
CSRO is very close to theory. To understand the kinetic process of CSRO evolution and estimate the time
required to approach thermodynamic equilibrium, we need MD or kinetic Monte Carlo (kMC). The kMC
method explicitly includes kinetic rates proportional to the Boltzmann factors, calculated from the energy
barriers. The advantage of kMC is that it accelerates diffusion and can be used to model processes on
longer timescales than MD. The kMC method was recently used to study the kinetics of multi-principal
element alloys based on energy barriers computed from machine-learning models [83, 84].
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3.2.3 Machine-learning potentials

Given the computational costs of direct DFT-based Monte Carlo simulations, machine-learning (ML)
interatomic potentials are increasingly used to explore CSRO in materials. There are two types of these
potentials: off-lattice and on-lattice potentials, each with strengths and limitations. An overview of these
approaches can be found in [16, 85], where typical ML potentials, such as the neural network potential
within the Behler-Parrinello framework [86], were summarized. On-lattice potentials can incorporate
local relaxation effects if a unique mapping to the host lattice remains, similar to the cluster expansion
Hamiltonian technique discussed below. One particularly efficient on-lattice ML potential is the low-rank
potential developed in [63], which has been applied to CSRO calculations in various complex alloys, such
as NbMoTaW [87] and CrCoNi [88, 10, 89]. Typically, these on-lattice potentials require several hundred
total energy DFT calculations to perform reliable Monte Carlo simulations.

ML interatomic potentials (MLIPs) not confined to specific lattice structures are more commonly
employed. These potentials allow one to perform, e.g., coupled Monte Carlo and molecular dynamics
simulations, including thermal vibrations and self-consistent lattice expansion into CSRO calculations.
Among others, the atomic cluster expansion [54] and moment tensor potentials [55] are frequently used.
These ML potentials also include forces and stresses, but their construction often necessitates thousands
of DFT calculations. Once constructed, these ML potentials can be used to investigate, e.g., the impact
of CSRO on extended defects, e.g., in NbMoTaW [12]. For CrCoNi, MTPs have also been utilized to
study CSRO [90].

However, magnetism, which can significantly influence CSRO (see, e.g., [91, 89]), poses a consid-
erable challenge for ML potentials [92]. Machine-learning interatomic potentials that explicitly account
for magnetic degrees of freedom are still in their early stages of development, see e.g., [93, 94]. Main
reasons are the complexity and computational demands of generating the necessary, often non-collinear
spin training data (often requiring spin-constrained DFT calculations). Complementary efforts include
the preprocessing of DFT data to simulate various magnetic scenarios, e.g., for CrCoNi [89], or to incor-
porate magnetism in a simplified “Ising-like” manner [95, 96]. These methods provide practical solutions
as long as the challenges of training more advanced “magnetic” MLIPs remain.

3.2.4 Cluster-expansion and associated methods

The cluster-expansion (CE) method employs parametrized Hamiltonians to calculate the total energy of
an arbitrary configuration, o [53, 24], i.e.,

E(o) =) Jata({si}V),a=0,1,2,... (6)

where ¢, ({s;}") represents the product of the occupation variables, s; in a cluster, o, and J, is
the effective interaction parameter for the cluster, «. In a N-component alloy, if N is an odd num-
ber, m = (N —1)/2, s; = —m,...,—1,0,1,...,m; if N is an even number, m = N/2, s; =
-m,...,—1,1,...,m. For example, for the CoCrNi medium-entropy alloy, N = 3, som = —1,0, and
1. The accuracy of total energies can be improved systematically by adding more terms, thereby includ-
ing more clusters [53]. The Hamiltonians are theoretically exact when considering all sub-clusters.

The method was used in predicting the ordering transition temperature of the body-centered-cubic
(BCC) FeCo alloy [24], face-centered-cubic (FCC) medium-entropy alloys to study the order-disorder
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Figure 7: Including strain-induced energy in the cluster-expansion method. We calculate the strain-
induced energies, V', using DFT and employ the elastic Green function to transform them from real
space to reciprocal space and then back to real space. Then, we map the energies to the Chebyshev
polynomials, which are used as the expansion basis sets. a, The rigid model and new model with lattice
distortion included. b, New approach to include lattice distortion through averaged Kanzaki forces. c,
Averaged Kanzaki forces on a representative first-nearest neighbor atom induced by a Ni, Co, or Cr atom
as a function of the number of configurations. d, The specific heat calculated w/o strain correction. This
figure is adapted from Ref. [17].

transition [9, 17], and BCC CCAs to study the interstitial cluster formation [97]. A few variants of
the methods have been constantly developed in the spirit of the powerful expansion idea, such as the
so-called eCE that constructs multicomponent cluster expansions with machine-learning and chemical
embedding [98], the CELL method — a Python package for cluster expansion with a focus on complex
alloys [99], and ACE that has been introduced above [54].

3.2.5 Strain-energy-corrected cluster expansion

The core idea of cluster expansion (CE) is to partition the total energy of a system into an infinite se-
ries of contributions from small clusters, starting from one-body clusters, two-body clusters, three-body
clusters, etc. [53]. The mathematical tool to implement this idea is Chebyshev polynomials, which are
an orthogonal basis. Usually, a cutoff of the size and diameter of the clusters is exerted when the error is
sufficiently small. The original CE method is based on a rigid lattice, meaning that the lattice distortion
effect at individual atoms is not explicitly included but implicitly embraced in the energy-structure data
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used to fit the CE Hamiltonian. Pei and colleagues used the rigid-lattice CE model to study the statistics
of CoCrNi and checked the validity of a few assumptions on pseudo-binary entropy [9]. Recently, they
developed a new method that can explicitly consider the local distortion based on the lattice Green func-
tion [17]. They used DFT to calculate the total energy and forces at each atomic site, which were utilized
to fit a Green function in reciprocal space. Then, the Green function was inverse-Fourier-transformed
into real space, which yielded the interaction parameters purely due to local strain. These interaction
parameters were further mapped into the coefficients of the orthogonal Chebyshev polynomials, which
could then be added directly to the coefficient of CE. Assisted by this new method, they obtained a
strain-corrected Hamiltonian for use in Monte Carlo simulations. Compared to the rigid lattice model,
the latest model improves the agreement of the transition temperature with experimental measurements.
We briefly describe the essential details of the method here to facilitate our discussion later. The
strain-induced interaction is computed using the microscopic elasticity theory (Figure 7), i.e.,

VSl _ l/Nq Z Vsz zqu (7)

Va(a) = —Fm(q)G(q)FZ(Q) + QmmOmn; (8)

where Qmm = 1/Nq > Fin(a)G(Q)F;,(Q); @mm is a correction for the self-interaction. F,(q) are
the Fourier components of the so-called Kanzaki forces [100] induced by a nearby atom, m, which are
defined as the equivalent forces on the host lattice atoms that could induce the same lattice distortion
generated by atom, m. The superscript (*) denotes matrix transpose. G(q) are the Fourier transformed
lattice Green’s function at q in reciprocal space. Ng is the total number of q points. In the case of
CoCrNi, the six two-body interaction parameters at each R are computed for the corresponding six atom
combinations.

The six two-body interaction parameters at each R are then transformed into the three-parameter
representation used by CE methods. More specifically, we choose nine representative structures of the
chemical formula, AB3 and AA (A,B = Co,Cr,Ni) and calculate their strain-induced energies Efl(z =
0,1,...,8) using only the two-body terms V5! (R), we can get nine equations. The quantity, E%!, is a
combination of V5! (R) dependent on atomic species, e.g., Eip, =Y r > mn Mmn(R) Vs (R) with
m,n = A or B, where M,,,,(R) is the corresponding multiplicity. Since there are only three unknown
parameters and nine equations, we use the least-square method to determine the J5!,

2
min (ESI VS1 Zma ]ea0j>) . 9)

Here (II;cq0;) is the averaged pair correlation function for the cluster, c. Convergence tests are per-
formed and show that nine structures are sufficient to obtain reliable interaction parameters. When six or
more structures are adopted, the ECIs remain almost unchanged, signaling their convergence [17]. The
new interaction parameters after correction are J,, = J5 + J, where J<" are the interaction parameters
calculated using the rigid lattice gas models without strains.
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4 CSRO and physical properties

Our understanding of the CSRO effect on physical properties is generally insufficient due to the lack
of data. Experimentally, we require a sufficiently large annealing temperature range that encompasses
at least the ordering transition temperatures for a reasonably long period. Given the slow kinetics at
low temperatures, we need to measure the CSRO in the annealed sample and check the actual state and
temperature of the sample. To this end, we require theoretical guidance on annealing temperature and
temperature-dependent CSRO. The theoretical transition temperature helps determine the annealing tem-
perature, and the theoretical CSRO is used to compare with the experimental CSRO, thereby determining
the actual energy state and temperature of the sample. Such information also serves as guidance to design
better materials.

Currently, accurate information that is missing from the above picture includes the following: (i)
accurate temperature-dependent CSRO or phase diagram with CSRO included; (i1) time-temperature-
transformation (TTT) diagram that reflects both kinetics and thermodynamics information; such a dia-
gram instructs design of alloys with tuned CSRO; (iii) sufficiently large temperature range of CSRO and
tensile tests.

In this section, we will discuss the state-of-the-art research on CSRO concerning a few critical phys-
ical properties, along with typical examples.

4.1 Does CSRO affect mechanical properties?

The influence of CSRO on mechanical properties has been an active research topic that attracts extensive
attention [101, 102, 103, 104, 17, 105, 106]. The target of these studies is to answer the same question:
Does CSRO have a visible effect on mechanical properties, such as yield stresses? Nonetheless, contro-
versial effects were reported in these studies. Some researchers found a substantial influence on yield
stresses, while others argued the impact can be ignored. Which is the correct answer, or what is the most
widely accepted answer that may convince researchers from both sides? The short answer is that it is
still too early to give a clear answer. What we are certain is that it affects some mechanical properties
in some materials. Still, we do not know if this is universally true. To fully address this issue, we need
more careful experiments in a wide range of diverse systems. Currently, all experiments for CCAs are
conducted on limited systems, such as the Cantor alloy, VCoNi, and CoCrNi. Moreover, in these limited
samples, such as CoCrNi, only narrow temperature ranges were investigated in which no CSRO has only
negligible changes (Figure 8). This feature is the origin of controversy in CoCrNi. To overcome the
experimental limitations, simulation can help answer this question.

The CSRO effect on ductility has also received extensive attention [107, 15, 108, 109]. For example,
the atomistic simulations of Chen et al. suggest that short-range ordering could enhance the ultimate
strength and ductility of high-entropy simultaneously in the CCA CoCuFeNiPd [15]. Their simula-
tions show the energetically favorable CSRO leads to a pseudo-composite microstructure in the material,
which consists of face-center-cubic-preferred (FCC-preferred) clusters, indifferent clusters, and body-
center-cubic-preferred (BCC-preferred) clusters. They suggested that the FCC-preferred clusters serve as
hard fillers to enhance the strength, while the BCC-preferred clusters act as soft fillers to increase the duc-
tility. This pseudo-composite microstructure eventually benefits both the ultimate strength and ductility.
Unlike the example above, which was performed between 300 K and 1200 K at cryogenic temperatures,
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Figure 8: Temperature-dependent chemical short-range order (CSRO) and yield stresses. a, yield stresses
as a function of annealing temperatures. Data is collected from Yoshida et al. [19], Zhao et al. [20], Uzer
et al. [21], Sohn et al. [22], Praveen et al. [23]. b, Temperature dependent CSRO parameters [9, 17].
This figure is adapted from Ref. [17].

Sun and colleagues argued that CSRO enables ultrahigh strength and ductility in Fe4A9Mn30Co10Cr10N1
alloy [108]. They proposed a combination of a few underlying mechanisms to explain the enhancement.
The mechanisms include (i) dense laths composed of the multiscale local chemical ordering (LCO) do-
mains, which contribute to ultrahigh yield strengths, (ii) dislocation cross-slip promoted by LCO, and
(iii) deformation-driven transformation and twinning that have been widely found in many materials. In
a recent experimental study on fine-grained alloys, Yan and colleagues demonstrated the ductilization
of a few 2.6-GPa alloys based on vanadium, cobalt, and nickel [109]. Usually, alloys with such high
strengths have limited deformability; however, they identified an extra ductility capability via CSRO
near grain boundaries and supranano precipitates. More research efforts are needed to double-check the
above-mentioned excellent mechanical properties and the proposed mechanisms.

There are more studies that indicate the important role of CSRO on ductility than not. The statistics
suggests CSRO can change ductility substantially, but more research efforts are needed to make a con-
clusion. We have to put a question mark on the reliability of this statistics, because the data could also
be a biased statistics. Researchers prefer to write reports on positive results rather than failures, since it
is much easier to publish positive results on top journals rather than negative ones.

4.2 CSRO and radiation damage

Experiments and simulations have demonstrated that CSRO can markedly alter radiation-induced defect
formation and evolution. For instance, in the medium-entropy alloy of CrCoNi, irradiation experiments
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combined with atomistic simulations revealed that the presence of local chemical order (LCO), devel-
oped through thermal aging, effectively delays the formation and growth of defect clusters under irra-
diation conditions. This enhanced resistance is primarily attributed to the CSRO-induced narrowing of
the mobility difference between interstitials and vacancies, which significantly increases recombination
efficiency and reduces the accumulation of residual defects, such as stacking-fault tetrahedra and dislo-
cation loops [110]. The diminished radiation effect in multi-principal-element alloys was also discussed
by Cao, based on a few representative studies published before 2021 [111]. Possible mechanisms and ex-
planations were proposed based on the CSRO role in point-defect diffusion, defect clusters (dislocation
loops and vacancy clusters), and grain boundaries.

Figure 9a and d show atomic high-angle annular dark-field (HAADF) imaging under the [112] zone
axis for the water-quenched CrCoNi [Random Solid Solution (RSS)] and 1,000°C-aged CrCoNi [LCO],
respectively. The size and distribution of CSRO are obtained by inverse fast Fourier transform (IFFT) of
the diffraction disks (1/2 {113}) arising from CSRO, as illustrated in Figure 9 ¢ and f. Figure 10 presents
TEM images of CrCoNi alloys aged at 1,000 °C (RSS) and 1,000 °C (LCO) after various irradiation
doses (0.16 to 1.0 dpa). At the low doses of irradiation, such as 0.16 dpa, some defect clusters (white
dots) are already present in the water-quenched RSS sample, whereas the corresponding 1,000 °C-aged
(LCO) sample is nearly defect-free. With increasing irradiation dose, more defect clusters appear in both
samples, although the LCO sample consistently exhibits a lower number density.

In NiCoFeCrMn, it has been shown through advanced electron microscopy that chemical CSRO
structures are more prominently developed under irradiation compared to equilibrium conditions. Ra-
diation promotes chemical ordering through the transient thermal spike during displacement cascades
and subsequent radiation-enhanced diffusion, significantly increasing the areal fraction of CSRO struc-
tures with increasing the irradiation dose and temperature. The radiation-assisted formation of CSRO is
considered beneficial for enhancing irradiation resistance, as it plays a role in suppressing defect accumu-
lation and stabilizing the microstructure against radiation-induced degradation [112]. A reactor-relevant
neutron campaign on CrFeMnNi (395-579 °C, 6.6 dpa) likewise produced irradiation-enhanced LCO
and a parallel drop in the faulted loop density with no swelling, strengthening the causal link between
order and tolerance [113].

Atomistic simulations of refractory CCAs, such as HfNbTaTiZr, provide complementary insights.
These simulations illustrate how CSRO structures can alter primary radiation-damage mechanisms by
inducing cascade splitting into subcascades, thereby dispersing cascade energy and facilitating defect
recombination. The presence of CSRO promotes the generation of Frenkel pairs at low defect concen-
trations but crucially inhibits their accumulation at higher defect concentrations, resulting in superior
irradiation resistance compared to their random solid-solution counterparts. Additionally, CSRO has
been shown to limit the growth of defect clusters and mitigate the generation of dislocations during ir-
radiation, enhancing material resilience under irradiation conditions [114]. Molecular dynamics (MD)
simulations have been conducted to investigate the impact of CSRO on radiation-induced defect behavior
in Fe-Ni-Cr alloys. It was discovered that higher CSRO levels reduce defect diffusivity due to trapping
effects within Cr-rich domains, significantly altering defect dynamics during radiation exposure. The
research notably identified that interstitial clusters become Cr-rich in high-CSRO scenarios, leading to
preferential formation and stabilization of interstitial loops near these Cr-rich areas [115].

Moreover, systematic multiscale modeling studies indicate element-dependent CSRO behavior in
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Figure 9: Experimental characterization of LCO. a, HAADF-STEM images of the water-quenched Cr-
CoNi alloy in the [112] zone axis; the Inset shows the corresponding FFT, where the red circles indicate
diffuse disks at 1/2 {311} positions, suggesting the chemically short-range-ordered regions (CSROs)
have sizes below one nanometer. b, Diffraction intensity along the orange dashed line in panel a. The
red arrow indicates the extra intensity at 1/2 {113} positions. ¢, IFFT image based on four symmetrical
diffraction disks, one of which is highlighted using a dashed circle in panel a. Several CSRO regions are
marked using red circles. d-f, The same characterization as in the Upper panels for the 1,000 °C-aged
sample. g, Probability density function (PDF) of LCO size (in diameter). h, Areal fraction of the LCO
regions in the two CrCoNi alloys. This figure is adapted from Ref. [110].
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Figure 10: TEM characterization of He+ in situ irradiation. TEM images of (a) the water-quenched
(RSS), and (b) the 1,000 °C-aged (LCO) CrCoNi alloys following various irradiation doses. The irradia-
tion dose progressively increases from 0.16 dpa to 1.0 dpa from left to right. This figure is adapted from
Ref. [110].

multi-principal element alloys subjected to irradiation. The destruction and recovery rates of CSRO under
irradiation vary significantly with element type and irradiation conditions, highlighting the complexity
of predicting long-term radiation behavior. This element-specific evolution underscores a key challenge:
establishing predictive models that accurately capture CSRO dynamics during irradiation across diverse
alloy systems [116].

Despite these promising advancements, several challenges persist. One critical challenge is the pre-
cise experimental characterization of CSRO at atomic scales during dynamic-irradiation processes. Ad-
vanced characterization techniques, such as aberration-corrected TEM, APT, synchrotron X-ray diffrac-
tion, and neutron scattering, can characterize CSRO. They require high resolution, large data volumes,
and careful analysis to distinguish real CSRO effects from experimental noise or artifacts. In-situ irradi-
ation experiments using TEM could help directly observe defect formation and migration as influenced
by local chemical environments. Currently, real-time data at atomic resolution remains limited. Fur-
thermore, accurate computational modeling of CSRO evolution under irradiation, particularly at reactor-
relevant dose rates and temperatures, requires further refinement and validation through the use of com-
prehensive experimental data.

In summary, recent advances have established the beneficial effects of CSRO in enhancing radia-
tion resistance through mechanisms involving enhanced defect recombination, suppressed defect cluster
growth, and reduced residual defect densities. However, challenges related to precise experimental char-
acterization and predictive modeling of CSRO evolution remain significant. Addressing these challenges
through integrated experimental and computational approaches will be crucial for leveraging CSRO as
an effective tool in alloy design for improved radiation resistance in future nuclear materials.
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4.3 CSRO and hydrogen embrittlement

CSROs have been suggested to deteriorate the hydrogen embrittlement (HE) resistance of austenite steels
and CoCrNi CCAs. For example, dynamic strain aging, a typical plastic instability phenomenon char-
acterized by serrated plastic flow in the tensile stress-strain curve, is commonly observed in high-Mn
steels as a localized Portevin Le-Chatelier (PLC) band. The origin of this is possibly due to Mn-C CSRO
(complexes) [117, 118] and/or the pipe diffusion of C [119]. PLC bands can cause the accumulation
of dislocations, therefore facilitating HE in high-Mn steels. Another example is Cr-N interactions in
high-nitrogen austenitic steels [120] and Co—Cr—Ni interactions in the CoCrNi alloy [121], which are
suggested to be associated with enhanced dislocation planarity. Those subsequently cause microscopic
stress concentrations, which play a critical role by causing intergranular and transgranular cracking when
hydrogen is present.

On the contrary, several other experiments suggest that CSRO can enhance HE resistance. For ex-
ample, Liu ef al. [122] compared the HE of VCoNi medium-entropy alloy with different degrees of
CSRO. They found that a higher CSRO degree (achieved by introducing aging treatment and confirmed
by aberration-corrected TEM) can significantly trap H within the grain interior, thereby reducing hy-
drogen segregation at grain boundaries and hindering the diffusion of hydrogen into the alloy’s interior.
Similarly, the aging heat treatment of Cantor alloy (CrMnFeCoNi) is found to lower the hydrogen dif-
fusion rate and limit the H segregation at GBs and, therefore, prevent detrimental intergranular cracking
[123]. Such differences in hydrogen kinetics are suggested to be associated with the formation of NiMn-
and Cr-rich nanoclusters at grain boundaries and CSROs within grains.

Recent large-scale atomistic simulations have partially confirmed these beneficial effects [124], re-
vealing a complex interplay between hydrogen and deformation twinning, local chemical ordered (LCO)
structures, dislocations, and grain boundaries (GBs) in the Cantor alloy, as summarized in Figure 11.
Hydrogen has been found to reduce the SFE and, therefore, promote the deformation twinning. Fur-
thermore, LCO structures act as dynamically trapping sites, forming LCO-H complexes, which show a
stronger dislocation-pinning effect than the LCO structures alone. Cr enrichment and Fe depletion found
at the GBs can effectively increase GB fracture energy and, therefore, reduce HE sensitivity.

4.4 CSRO and transport properties

Coherent potential approximation (CPA) has demonstrated its ability to predict the physical properties of
random solid solutions. However, it is limited to alloys without CSRO due to the inherent single-site ap-
proximation. Developed based on CPA, nonlocal CPA (NL-CPA) goes beyond the single-site nature and
performs configurational averaging over embedding atomic clusters within an effective medium [125].
The CSRO can be included by embedding a cluster with CSRO explicitly. NL-CPA was first imple-
mented within the KKR formalism and applied to study the effect of CSRO parameters on the electronic
structure of the classical alloy, Cug5Zng5 [126, 127]. Another interesting application is in Feg 5Ptg 5
where the spin moment of Pt can be induced by increasing the number of nearby Fe atoms [128]. The
implementation of NL-CPA enables an efficient investigation of CSRO on physical properties [129].
The electrical transport property of CCAs is one of the most fundamental physical properties. It
encodes the profound impact of the disorder on the electronic structure and Fermi surface. Typically,
electrical transport can be greatly suppressed due to disorder-induced electron scattering, resulting in
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from Ref. [124].
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energy dissipation in the form of Joule heat. Thus, the study of electrical transport in CCAs presents
an opportunity to understand the effect of disorder on the electronic degree of freedom and the energy
dissipation (in the form of heat) via the electron subsystems. Given the vast phase space of CCAs,
studying their transport properties can provide valuable insights into efficiently fine-tuning electronic
transport by the choice of alloy compositions and varying their concentrations.

To effectively investigate the electrical transport in disordered alloys, Butler reformulated the Kubo-
Greenwood (KG) equation within KKR-CPA [130]. This formulation was further implemented in KKR-
CPA by Swihart [131], incorporating the vertex correction to evaluate the electrical resistivity of various
alloys. We also note that the KG equation was also implemented by Turek et al. in the framework of the
tight-binding linearized muffin-tin orbital method (TB-LMTO)-CPA [132].

Intuitively, CSRO should increase electrical transport and reduce the electrical resistivity in most
scenarios. Employing NL-CPA, Tulip ef al. [133] explored the CSRO effect on the electron transport in
Ag.Pd;_, and found the expected trend — with CSRO, the electrical resistivity reduces. This reduction
is also true in Ag;Zn;_, [134] and Cu,Zn;_, [133]. However, there are some exceptions where the
residual resistivity increases with CSRO. A well-known example is so-called K -state alloys [135], usu-
ally found in Ni, Cr containing alloys [135, 136], such as CoCrNi, Ni25Cr, NiMo, etc. The underlying
reason for this bizarre CSRO-enhanced resistivity is attributed to the particular feature of the electronic
structure under CSRO, namely, reduced amplitude of d electron hopping in one spin channel between
the nearest atomic pair in the presence of CSRO [137].

In addition to the NL-CPA method, the CA-CPA approach [59] provides an alternative ab initio tech-
nique within the KKR-CPA framework for studying disordered alloys exhibiting CSRO. This method
entails embedding a cluster composed of averaged neighboring atoms, constructed to reflect the CSRO
present in the system. The degree of CSRO can be modulated via externally specified order parame-
ters. The resulting averaged cluster can be embedded either in a single-site CPA medium or in a self-
consistently derived effective medium that incorporates CSRO effects. The applicability of this method
is validated through its implementation for the CuZn body-centered cubic (BCC) solid solution and for
AICrTiV, a quaternary BCC medium-entropy alloy. The CA-CPA method and its combination with the
KG formalism for electrical transport are implemented in open-source code MuST [138], enabling the
investigation of CSRO effects on electrical conductivity.

Unlike CPA-based effective medium approaches, the LSMS method offers a supercell-based ab ini-
tio framework for investigating disordered alloys. Its linear-scaling capability enables efficient first-
principles calculations for systems comprising more than 10,000 atoms. Its integration with the KG for-
malism allows for first-principles calculations of residual resistivity in large-scale systems [139]. LSMS
is particularly useful for exploring the influence of short-range ordering in high-entropy alloys, as well
as for examining the impact of defects such as stacking faults, dislocations, and other lattice imperfec-
tions on electrical resistivity. Furthermore, LSMS can be extended to compute transport properties in
noncrystalline systems, including quasicrystals and metallic glasses.

5 Challenges of transforming CSRO into a useful alloy-design tool

We have discussed the effects of CSRO on a variety of physical properties, which provides a diverse
and complex prospect for the application of CSRO. It is too early to draw conclusions about the effects
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of CSRO on all key physical properties. Nevertheless, for physical properties that most researchers
consider to be universally critical, or materials where CSRO has been confirmed to play a dominant
role, we expect to transform CSRO into a useful alloy design tool by which CSRO can adjust material
properties to achieve design goals. Currently, there are several gaps that prevent us from achieving this
goal. We will discuss the challenges that prevent us from achieving this goal by identifying the missing
information.

5.1 Experimental challenges in controlling CSRO

The first challenge is how to precisely control CSRO, which can be attributed to three aspects: (i) lack
of theoretical guidance; (ii) experimental limitations imposed by the law of diffusion; and (iii) lack of
reliable experimental instruments.

Most reports focused on the observation of the microstructure morphology with and without CSRO
after heat treatment. These studies may have a qualitative aim to prepare samples with maximal or
minimal CSRO. However, few reports mentioned their quantitatively targeted CSRO and methods that
allow them to control CSRO accurately using experimental techniques. CSRO is more like an object to
be observed rather than precisely controlled. The possible reason could be the lack of a temperature-
dependent CSRO as a reference or guiding principle. We need computational methods to provide a clear
picture of the evolution of CSRO with temperature and maximize its usage.

CSRO is a combined consequence of kinetics and thermodynamics, making it elusive and hardly
controllable. Experimental techniques are limited by diffusion laws. This is reflected in the fact that
researchers prefer heat processing in the range of 800-1,200 °C due to the slow kinetics at low temper-
atures [17]. There are two primary methods for tuning the phases in an alloy system, namely varying
temperature and chemical composition. Due to slow kinetics, fine-tuning through temperature usually
incurs a time cost in sample preparation [11], which experimentalists generally prefer to avoid. Changing
chemical concentration could be ideal, which allows us to shift CSRO at high temperatures.

There is a lack of high-resolution instruments to characterize it. So far, high-resolution TEM cannot
reliably characterize large areas to capture CSRO; many atoms are missing in APT, making it unreli-
able for characterizing CSRO that relies on nearest neighbor information. While neutron scattering can
indicate changes in CSRO with peak intensity, this does not correspond uniquely to a structure with
the CSRO degree; to obtain the latter, researchers depend significantly on a guessed structure to fit the
peaks. Combining machine learning with these experimental instruments suggests a promising pathway
to mitigate these issues, as shown by the recent successful examples [140, 10].

5.2 Lack of accurate temperature-dependent CSRO data

The critical role of temperature-dependent CSRO has addressed in understanding experimental observa-
tions and designing materials with tunable CSRO [9]. Currently, methods for calculating CSRO include
analytical approximations [142] and various Monte Carlo and molecular dynamics simulations, such as
simulated annealing, parallel tempering, and the Wang-Landau Monte Carlo method. Different algo-
rithms have their unique advantages and disadvantages. We can utilize them in a combined manner to
maximize their benefits in CSRO calculations. Pei and colleagues have used simulated annealing and
Wang-Landau algorithms to simulate CoCrNi [9]. The Wang-Landau algorithm can mitigate the issue
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Figure 12: Materials design based on T-dependent CSRO. Tuning the short-range order parameters by
varying concentrations enables the design of materials with an idealized degree of CSRO. a, Transition
temperatures of the short-range ordering are plotted as a function of the Cr concentration. The transition
temperatures are identified as the peak locations of the specific heat curves for CryCo(;_z)2Ni(1_z)/2
(xz= 25, 30, 33, 45 at.%, represented by A, B, C, and D). The transition temperatures are shifted to the
known experimental value for CrCoNi [141] for the alloys. b, Temperature-dependent SROs for the four
alloys are shown, taking the Co-Co pair as an example. The CSRO curves show that Cr substantially
changes the transition temperatures and the magnitudes of the CSRO parameters. These results offer a
pathway to maximize the CSRO variance within the common temperature region (yellow region) and test
the effects of CSRO on various physical quantities. Alloys A and B are better candidates for studying
CSRO effects. This figure is adapted from Ref. [17].
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of trapping in high-probability regions, as it does not explicitly include a temperature. The temperature
is introduced by the Boltzmann factor, e~ Figure 12 shows an application of their method, where
the transition temperatures of a few Co-Cr-Ni alloys were calculated. The phenomenon demonstrated by
CSRO can be fine-tuned more effectively by changing chemical concentrations rather than temperature.
Modifying CSRO by adjusting chemical concentrations enables the ordering transition to occur at higher
temperatures, potentially overcoming sluggish kinetics and making it more advantageous in alloy design.
However, this method cannot obtain a configuration that is explicitly specified for a specific temperature
and CSRO. To this end, they utilized simulated annealing or parallel tempering for such calculations.

There is still room to improve the flexibility and efficiency in constructing such Hamiltonians or po-
tentials, as well as Monte Carlo algorithms. DFT is accurate but computationally expensive for sufficient
sampling in Monte Carlo simulations, which require an impractically long time. The recent work of
Pei and colleagues demonstrated that cluster expansion with strain-correction energy can be a promising
surrogate model of DFT [17]. ML potentials are efficient in simulations, but training such potentials
requires time. We expect that there is a foundation model for empirical potentials that includes all the
commonly used chemical elements for structural alloys.

5.3 Lack of practical TTT diagrams

We have discussed the importance of temperature-dependent CSRO with many-body Hamiltonians or
potentials, including strain corrections or local distortions. Compared to the temperature-dependent
CSRO, the time-temperature-transformation (TTT) diagram is more practical for guiding experiments,
as it also indicates the time required to achieve the CSRO. One should be cautious that CSRO is rather
short-ranged, with a very short characteristic diffusion length (at the annealing temperature) after the ho-
mogenization heat treatment. Therefore, TTT diagrams of CSRO have a very small time scale compared
to TTT diagrams for designing experiments. Currently, TTT diagrams are impractical for complex, con-
centrated alloys. It requires not only accurate Hamiltonians or potentials but also an extremely long time
in molecular dynamics (MD) simulations. While MD can be trapped at a local minimum, rare-rate events
require impractically long times in real simulations. Current MD simulations are between femtoseconds
and nanoseconds. The combination of MD and Monte Carlo (MC) is highly skillful and needs very good
judgment of the parameter settings. We need more efficient MD methods or analytical methods that
avoid time-consuming MD simulations to achieve this goal.

6 Opportunities and outlook

In the previous section, we discussed a few essential challenges and provided insights into solutions.
These challenges and insights also point to new opportunities for future research directions. Based on
these challenges, we further our discussion and explore more opportunities.

6.1 CSRO as part of heterogeneous structures

When we can accurately control CSRO, we will have a powerful tool to design high-performance ma-
terials for which CSRO play critical roles. Local CSRO can be viewed as one of the heterogeneous
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structures, as the atomic or nano-scale morphology of the hierarchical structures. Heterogeneous struc-
tures offer greater flexibility for deformation, such as composite structures comprising hard and soft
components [109, 15]. It allows for the possibility of both strong and ductile properties to exist in
one material. CSRO tuning will join the other existing methods that have become a standard norm in
fine-tuning the mechanical properties of metals and alloys. In key challenges, such as overcoming the
tradeoff between strength and ductility, CSRO may also play a critical role. This trend is preconditioned
on the maturity of techniques in theoretical calculations and experimental characterizations of CSRO.
With advances in simulation methods, high-resolution instrumentation, and the increasing involvement
of machine learning, we will soon see this goal become increasingly more feasible to realize.

6.2 Additive manufacturing

Additive manufacturing and advanced manufacturing techniques offer new opportunities to design al-
loys with targeted CSRO degrees in a high-throughput manner since the parameters in the manufacturing
process can be well controlled. One way to utilize additive manufacturing is to produce samples with
varying cooling rates, as different cooling rates correspond to distinct CSROs, thereby enabling the con-
trol of CSRO in different samples [37]. This is an auspicious method compared to existing experiments.
Assisted by temperature-dependent CSRO, the experimental design process can be more effective.

In principle, we can manipulate them to design CSRO in alloys flexibly. This can be achieved by
controlling key parameters in additive manufacturing, including speed, energy distribution (typically
Gaussian or uniform), and temperature distribution, among others. Their relationship may not be straight-
forward to quantify, and extensive experimental and theoretical efforts are needed to collect relevant data
that describe the relationship. We need sufficient and accurate data to tell their correlation. Once their
relationships are determined, we can release the full potential of additive manufacturing in controlling
CSRO in alloy design.

6.3 Machine-learning potentials

Machine-learning potentials, including neural network potentials, can provide efficient and accurate en-
ergy calculations for Monte Carlo and atomistic simulations. The accuracy of neural network potentials
is supported by the universal approximation theorem, which states that artificial neural networks can
approximate any measurable function to any desired degree of accuracy [143, 144]. The flexibility of
ANN:s to fit any complex functions makes them particularly suitable for describing complex interatomic
interactions. For example, machine-learning potentials like ACE and MTPs exhibit much better perfor-
mance than classical potentials. However, there is still room to improve their performance further to fully
leverage the flexibility and accuracy promised by machine learning. There is a pressing need to develop
new machine-learning potentials for materials for which CSRO plays a critical role, and accurate poten-
tials are unavailable. Another exciting direction for machine learning potentials is developing foundation
models, or "universal potentials,” as we pointed out earlier. Once the foundation models are available,
the main task remaining is to tailor the models for specific material classes to meet the requirements of
individual studies. These potentials will enable the accurate calculation of temperature-dependent phys-
ical quantities, such as CSRO and stacking fault energies, which are essential for turning CSRO into a
controllable alloy design tool.
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