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Abstract: Due to their compositional complexity and flexibility, multi-principal element alloys
(MPEAs) have a wide range of design and application prospects. Many researchers focus on tuning
chemical inhomogeneity to improve the overall performance of MPEAs. In this paper, we systemati-
cally review the chemical inhomogeneity at different length scales in MPEAs and their impact on the
mechanical properties of the alloys, aiming to provide a comprehensive understanding of this topic.
Specifically, we summarize chemical short-range order, elemental segregation and some larger-scale
chemical inhomogeneity in MPEAs, and briefly discuss their effects on deformation mechanisms. In
addition, the chemical inhomogeneity in some other materials is also discussed, providing some new
ideas for the design and preparation of high-performance MPEAs. A comprehensive understanding
of the effect of chemical inhomogeneity on the mechanical properties and deformation mechanisms of
MPEAs should be beneficial for the development of novel alloys with desired macroscopic mechanical
properties through rationally tailoring chemical inhomogeneity from atomic to macroscale in MPEAs.

Keywords: multi-principal element alloys; chemical inhomogeneity; chemical short-range order;
mechanical properties

1. Introduction

Multi-principal element alloys (MPEAs), such as high-/medium-entropy alloys (HEAs/
MEAs), as a new class of multi-principal metallic materials, have attracted great attention
due to the discovery of their excellent properties. It has been reported that various MPEAs
show high strength [1,2], enhanced fracture toughness [3,4], corrosion resistance [5,6], wear
resistance [7], impact resistance [8,9], and good thermal stability [10,11]. Most of them
can be attribute to the advanced strategies of nanostructure design to improve mechanical
properties of conventional metals [12], which have been proved to be effective for MPEAs
as well. For example, the rational design of nanotwinned and hierarchical nanotwinned
structures [13-16] can not only strengthen and/or achieve ductilization of conventional
materials [17-20], but also tailor their deformation and failure modes [21-24]. Owing to
the excellent twinning ability for most MPEAs, twinning-induced optimization of their
mechanical properties has been widely reported. More importantly, the unique multi-
principal nature of MPEAs has inspired researchers to explore the broad constituent space,
in addition to utilizing nanostructure-based reinforcement mechanisms, causing MPEA to
have greater potential in practical applications.

MPEA solid solutions were initially considered to be a random arrangement of differ-
ent atoms in the corresponding lattice sites, but several experiments and calculations have
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confirmed the existence of compositional inhomogeneity [25,26]. Some recent studies have
shown that chemical short-range order (CSRO) is ubiquitous in alloys due to the atomic
size mismatch and the interaction between elements using experimental and simulation
methods [27-31]. Theoretical or atomic simulations have also demonstrated that CSRO
can enhance the energy barrier for dislocation activation and motion, thereby motivating
more and more studies on compositional inhomogeneity at different length scales [32]. It
has been proved by atomic simulations that CSRO can increase the critical shear stress
of dislocation nucleation, decrease the twinning tendency, and promote the formation of
stacking fault networks, which can block dislocations [33]. Tang et al. suggested that the
interaction between dislocation and chemical medium-range order (CMRO) could signif-
icantly improve the yield strength and work hardening rate of the CoCrNi MEA during
initial plastic deformation [34]. Theoretically, local chemical order (LCO) and chemical
inhomogeneity exist in various kinds of MPEAs, which can play a significant role in tuning
the mechanical properties of alloys [35-38]. Actually, there are multiple levels of composi-
tional inhomogeneity exist in MPEAs, including atomic-scale CSRO, nanoscale chemical
fluctuations, and centimeter- or even macroscopic-scale chemical fluctuations.

It is worth noting that local microstructure changes or phase transitions may be caused
by fluctuations in concentration with sufficiently large wavelengths, resulting in the for-
mation of dual-phase or multiphase MPEAs with nanostructured heterogeneities, which
can also be considered a kind of compositional inhomogeneity [39]. The high strength
of MPEAs is attributed to the lattice distortion and solid solution strengthening caused
by high configurational entropy. In addition, the strength of MPEAs can be improved
using traditional methods such as grain refinement and secondary phase precipitation
strengthening, but it is often subject to the strength—plasticity trade-off. In this case, finding
a suitable method to break through the strength—plasticity trade-off is the key to improve
the overall performance of alloys. In traditional alloys, the design of the gradient metal
or heterostructure is beneficial to some properties of alloys, making them more suitable
for practical engineering applications. Inspired by this, realizing the tunability of me-
chanical properties by tuning the spatial distribution of chemical structures to achieve a
heterostructure-like mechanism has become a topic worth exploring. It is worth noting that
the influence of compositional inhomogeneity on the mechanical properties of alloys is still
controversial. Although many studies have demonstrated the positive impact of compo-
sitional inhomogeneity on various aspects of mechanical behaviors, there is still research
reporting that plastic deformation behavior and yield stress do not change much as a result
of CSRO [40], and compositional inhomogeneity can even result in the deterioration of the
strength and ductility of interstitial dual-phase high-entropy alloys [41]. Therefore, it is
necessary to objectively analyze and judge the role played by compositional inhomogeneity
in achieving the strengthening and ductilization of alloys through reasonable design.

Compositional inhomogeneity can exist in different forms in MPEAs, and no clear
classification for inhomogeneity at different length scales is available. In MPEAs, due to
the diversity of elements, the variations in the local chemical environments of random
solid solutions due to CSRO, segregation, precipitation, or ordered configurations are
very complicated [38]. Therefore, it is difficult to study the chemical inhomogeneity
either theoretically or experimentally. However, accurate characterization of compositional
inhomogeneity is crucial to fully understanding the structure—property relationships in
MPEAs. This paper aims to briefly review different kinds of chemical inhomogeneities at
different length scales in MPEAs, and their impact on mechanical properties. The impact of
CSRO on stacking fault energy (SFE), dislocation nucleation and motion, and strength and
plasticity of MPEAs is reviewed. Then, the effect of segregation and larger-scale chemical
inhomogeneity on the mechanical properties are discussed. What’s more, the chemical
inhomogeneity in some other materials is briefly introduced to provide a reference for the
design of MPEAs. It is expected that reasonable design of compositional inhomogeneity
will allow the properties of alloys to be flexibly tuned, accelerating the development of
high-performance MPEAs.
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2. Representative Types of Chemical Inhomogeneity

Chemical inhomogeneity mainly manifests itself in the form of local chemical order,
compositional fluctuations at different scales of length, and clustering or segregations [42],
as shown in Figure 1. The local enthalpy interaction among compositional elements could be
considered to be the driving force in the development of apparent LCO. Due to the diversity
of elements in MPEAs, the bonding preference between different constituent species will
cause LCO and other inhomogeneity. The CSRO in MPEAs is a well-known chemical
inhomogeneity [43,44], as shown in Figure 2a. It shows a bonding preference for different
elements over a few neighbor shells [36,45], similar to the formation of ordered intermetallic
compounds. In comparison, clustering- and segregation-induced inhomogeneity occurs
over larger scales (Figure 2b). Compositional fluctuations exist in scales of length ranging
from nanometers (Figure 2c) to micrometers (Figure 2d), and even to macroscopic scale
(Figure 2e,f). From atomic-scale chemical structure ordering to larger-scale clustering and

concentration fluctuations, we collectively refer to “chemical inhomogeneity” at different
length scales.
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Figure 1. Schematic diagram illustrating different types of chemical inhomogeneity, including
(a) chemical short-range order, (b) segregation of different structures (green, red and blue represent
segregation via dislocation, grain boundary and stacking faults, respectively), (c¢) compositional
fluctuations, (d) compositional fluctuations with phase transition, (e) compositional gradient, and

(f) a combination of compositional gradient and CSRO.
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Figure 2. Experimental study on chemical inhomogeneity at different length scales. (a) Chemical
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short-range order region and element distribution by EDS mapping (Reprinted with permission from
Ref. [44]. Copyright 2022, Elsevier); (b) nanoscale compositional fluctuation: HAADF—STEM image
and the corresponding intensity line profiles of the blue and red squared regions (Reprinted with
permission from Ref. [46]. Copyright 2021, Elsevier); (c) segregation via stacking faults (Reprinted
with permission from Ref. [47]. Copyright 2018, Springer Nature); (d) nanoscale compositional
fluctuation with phase transition (Reprinted with permission from Ref. [48]. Copyright 2016, Elsevier);
(e) microscale compositional fluctuations (Reprinted with permission from Ref. [49]. Copyright 2019,
Elsevier); (f) macroscale compositional gradient in NiCoFeCrAl HEA (Reprinted with permission
from Ref. [50]. Copyright 2020, Frontiers).

Experimental methods for the detection of local chemical order in MPEAs have been
developed in recent years. Compositional inhomogeneity is first detected in the form of
CSRO by extended X-ray absorption fine structure (EXAFS). Laser irradiation is utilized to
increase the degree of CSRO, and CSRO is qualitatively determined through data analysis.
In order to quantitatively describe the CSRO in MPEAs, more advanced methods are needed
to be able to explore the complex atomic occupancy between different elements. High-
angle annular dark field scanning transmission electron microscopy (HAADF-STEM) is a
method suitable for analyzing the microstructure and performing compositional analysis
of atom columns and even single atoms in alloys [51]. Niu et al. identified the existence of
non-uniform ordered nano-domains throughout NiFeCrCo random solid solutions using
HAADEF-STEM measurements. Furthermore, three-dimensional atom probe tomography
(3D-APT) supplemented by computational simulations enables the description of CSRO
in real-space reconstructed 3D atomic images [52-54]. Recently, Zhang et al. [26] reported
the observation of structural features of CSRO in CrCoNi MEA using energy-filtered
electron diffraction and HAADF-STEM imaging. It is worth noting that CSRO theoretically
only contains a few nearest neighbor atomic layers, but the above studies reveal the local
chemical order at the nanometer scale. Therefore, experimental methods can reveal large-
scale compositional inhomogeneity (>1 nm), but the characterization of CSRO (<1 nm)
remains difficult.

In addition to experimental study, previous theoretical studies [29,31] have demon-
strated that CSRO in MPEAs is thermo-dynamically favored and can be designed for the
tuning of mechanical properties. Additionally, computational simulation methods are able
to provide some predictions regarding the formation of CSRO and its impact on mechanical
properties. For example, the hybrid Monte Carlo method and the molecular dynamics
simulation method can be used to investigate the properties of MPEAs [55-57]. First-
principles calculation combined with Monte Carlo simulation can provide a theoretical
model of atomic configuration that can be applied to obtain larger MPEA systems with
CSRO [38,58]. A thorough theoretical foundation for related experimental detection is
provided by the development of theoretical and modeling approaches, thus also advancing
our understanding of the atomic-scale configuration and LCO in MPEAs.

3. Chemical Short-Range Order
3.1. Effect of CSRO on Stacking Fault Energy

SFE in alloys is mainly affected by element type, concentration, distribution, tem-
perature, etc. [59-61]. In traditional crystalline alloys, SFE has an important impact on
plastic flow, dislocation movement, deformation twinning, and phase transformation, and
the same is true for MPEAs. It can be said that SFE directly or indirectly determines
whether dislocation slip, deformation twinning, or close-packed hexagonal (hcp) phase
transition will play a dominant role in the plastic deformation process. Investigations of
SFE enable researchers to better understand the microscopic mechanisms occurring during
plastic deformation. Phase stability and SFE can be tailored by adjusting the element type
and concentration in alloys [1,62,63]. Recently, an attempt was made to reduce the SFE
of CoCrMnNiFe HEA by controlling the concentration of Co or Cr, so as to tune plastic
deformation behavior of twinning-induced plasticity (TWIP) and transformation-induced
plasticity (TRIP) [64]. MPEAs possess numerous components and complex chemical struc-
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tures, which inevitably produce different degrees of CSRO during the preparation process.
It has been reported [31] that SFE in alloys is quantitatively related to the degree of CSRO,
increasing with increasing degrees of CSRO. Inhomogeneous distribution of local SFE may
affect the plastic deformation mechanism through affecting dislocation slip, deformation
twinning and phase transformation. Changing the LCO can significantly alter the prefer-
ence between face-centered cubic (fcc) and hep phases [31]. For random solid solutions of
CrCoNi MEA in the ground state, the hcp phase is energetically favored [31,65], as shown
in Figure 3. With increasing degree of CSRO, the energy of both phases decreases, but
the energy of the fcc phase decreases more rapidly. In some chemically ordered states,
the hcp phase is energetically comparable to the fcc phase, and the in situ transition from
fcc to hep can easily occur during plastic deformation, which helps to increase the strain
hardening rate of the alloys [66], in turn promoting strength—plasticity synergy. At the same
time, the low SFE induced by CSRO is beneficial in promoting the formation of nanotwins
and hindering the movement of dislocations, thereby improving the strain hardening rate,
defect storage capacity and ductility of MPEAs [67-70]. In addition to SFE, CSRO may
also affect the energy of different defects, including dislocations, vacancies, and grain
boundaries, thereby affecting the deformation mechanism and macroscopic properties of
the alloys. It is worth noting that one of the main approaches to induce CSRO in MPEAs
is high-temperature annealing, by means of which the degree of CSRO can be tailored
by controlling the method of heat treatment. Although there are still some challenges
regarding the quantitative experimental observation of CSRO, the rapid development of
advanced scanning electron microscope technology is gradually breaking through the
difficulties, making it possible to better describe CSRO in MPEAs.
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Figure 3. Energies of fcc and hep structures in NiCoCr solid —solution alloys. (a,b) Side and top view
of atomic configurations. (c) Relative energy difference for fcc and hep phases at various degrees
of LCO. (d) Correlation between average SFE ;¢ and energy difference for fcc and hep phases
(Encp — Efec) (Reprinted with permission from Ref. [31]. Copyright 2018, PNAS).

3.2. Effect of CSRO on Dislocation Nucleation and Growth

The physical essence of solid solution strengthening of MPEAs is the elastic interaction
between lattice dislocations and solute atoms [71,72], which reduces the lattice deforma-
tion and internal stress caused by dislocation nucleation and growth, and increases the
resistance of dislocation movement and the difficulty of deformation, so as to achieve a
strengthening effect. Other strengthening methods include those involving nanoparticles,
precipitation, dual-phase structures, multi-layer structures, etc. The majority of these tech-
niques work to strengthen alloys by limiting the mobility of dislocations, but they do not
take into account the nucleation and growth of dislocations, which are the primary deter-
minants of an alloy’s elastic properties and mechanical strength. Through nanoindentation
simulations, Yang et al. [73] reported that the nucleation force of the first Shockley partial
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dislocation within CoCrNi MEA with CSRO was 55% larger than the random solid solution,
proving that the MEA with CSRO showed stronger resistance to dislocation nucleation.
They suggested that CSRO effectively enhance the hardness of the materials, and this en-
hancement increased with increasing degree of CSRO, as shown in Figure 4. Ma et al. [74]
reported that CSRO could increase the energy barrier of dislocation nucleation and improve
the resistance of dislocation cross-slip. Zhao et al. [75] conducted spherical tip nanoinden-
tation experiments on HEAs with an fcc structure. They proposed that a higher degree of
CSRO might be attained by managing high-temperature annealing, which would increase
the stress needed for uniform dislocation nucleation and thus achieve strengthening of
MPEAs. All of these studies suggest that the existence of CSRO can increase the difficulty of
dislocation nucleation. In alloys with CSRO, dislocation nucleation, growth and slip need
to overcome the energy required to break favorable bonds [76]. Therefore, a higher critical
resolved shear stress is required for dislocation nucleation compared with in random solid
solutions, which is an important reason for the increase in yield stress. LCO can further
enhance the “cocktail strengthening” effect in MPEAs by changing the activation energy
barrier of dislocation-mediated plasticity to achieve strengthening and hardening [77].
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Figure 4. Effect of CSRO on the hardness of alloys. (a) Force-indentation depth and (b) hardness—
indentation depth curves for different structure models (Reprinted with permission from Ref. [73].
Copyright 2022, Elsevier).

3.3. Effect of CSRO on Strength and Plasticity

The fluctuation of SFE induced by CSRO or other compositional undulations [78] can
enhance the tortuosity of the dislocation path, which plays a role in dislocation pinning,
thereby improving the strength of alloys [79,80]. CSRO can change the energy distribution
in the alloys and increase the local potential energy barrier. As shown in Figure 5, by
comparing the effective barrier and the resulting strength of NiCoCr alloys with different
degrees of CSRO, it can be found that the samples with stronger CSRO will show a greater
barrier to dislocation slip. Simultaneously, the increase in activation shear stress clearly
indicates the significant strengthening induced by CSRO [32]. In addition, due to the
change in the local energy landscape, the original uniform arrangement of atoms and the
minimum energy path of dislocation movement are locally changed, resulting in jerky
dislocation lines and rough stacking fault belts [81], as shown in Figure 6. This causes
the dislocations to move forward non-uniformly, thereby increasing the dislocation slip
resistance, and thus leading to increased strength of the alloy.
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Figure 5. CSRO-induced strengthening (Reprinted with permission from Ref. [32]. Copyright 2019,
Springer Nature). (a) Configurations of LCO at different annealing temperatures. The red dashed
lines indicate the cobalt-chromium (Co—Cr) domain boundaries. (b) Average activation barriers.
(c) Average activation volume. (d) Average activation (shear) stress.
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Figure 6. Jerky dislocation motion (Reprinted with permission from Ref. [81]. Copyright 2022,
Springer Nature). (a) A series of TEM snapshots and schematic figures showing a sequence of gliding
Shockley partial dislocations. Black arrow represents dislocation lines, red and yellow arrows denote
the movement of dislocations captured at denoted time intervals. (b) Extracted dislocation line of the
leading partial dislocation which show jerky glide motion because some segments get pinned during
glide. (c,d) Atomistic simulation results with strong pinning of dislocations and (e) weak pinning of
dislocations. The presence of CSRO in CoCrFeMnNi alloys results in jerky dislocation motion while
the CoNi alloy with weak pinning shows almost ideally straight dislocation lines.
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As shown in Figure 7, CSRO has a significant influence on the strength and plasticity
of MPEAs. Due to the resistance from CSRO when the stacking fault propagates, the
generation and development of deformation twins become easier, which improves the
plastic deformation ability of the alloy. A previous study [82] suggested that the occurrence
of deformation twins is an important means for achieving strength—plasticity synergy in
many kinds of MPEAs. Furthermore, Sun et al. [83] stated that the existence of CSRO may
change the critical shear stress of each slip plane, leading to the activation and deformation
of the sub-slip plane and improving the plasticity of the alloy. The non-uniform distribution
of local elements caused by CSRO increases the possibility of interaction between different
elements, promoting the activation of cross slip and the change in the dislocation slip
path [84,85]. Therefore, the plastic flow in the alloys can be diffused to multiple planes
through LCO. During the dislocation movement, some atomic planes may lose their original
LCO and rebuild a new LCO, which will obviously affect flow stress during the plastic
deformation stage [32]. However, interestingly, the effect of CSRO on the mechanical
properties of MPEAs remains controversial. Although many studies have suggested that
CSRO can increase the strength and plasticity of MPEAs, Yin et al. [86] examined the yield
strength of CoCrNi MEA with CSRO and argued that CSRO has a negligible effect on the
strength of this kind of MEA. Therefore, the high strength of NiCoCr is not necessarily
due to CSRO, but rather the volume and elastic misfit of MPEAs. According to current
knowledge, the formation of CSRO has a very close relationship with the heat treatment
process; therefore, we speculate that the differences between individual studies are likely
to come from different processing methods.
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Figure 7. Effect of CSRO on the mechanical properties of MPEAs. (a) Main panels, energy-filtered
diffraction patterns for water-quenched and aged samples, respectively. Plot below shows intensity
measured along the diagonal line in the main panel (Reprinted with permission from Ref. [26].
Copyright 2020, Springer Nature). (b) Tensile stress—strain curves of a water-quenched sample (left)
and an aged sample (right), respectively. Lower insets represent the elastic portions of the curves
(Reprinted with permission from Ref. [26]. Copyright 2020, Springer Nature). The aged samples with
strong CSRO shows a better performance. (c) Atomic configurations of MPEAs with and without
CSRO (Reprinted with permission from Ref. [36]. Copyright 2020, Elsevier). (d) Stress—strain relation
and the strength of CoCrNi alloys with the effect of CSRO (Reprinted with permission from Ref. [36].
Copyright 2020, Elsevier). The results show that the presence of CSRO greatly improves the strength
and plasticity of CoCrNi MEA.

4. Segregation-Induced Chemical Inhomogeneity

In crystalline solids, through chemical and mechanical interactions between atoms and
defects, solute atoms tend to segregate into extended defects, such as dislocations [87-89],
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grain boundaries [90-101], and other defect structures. Compared to perfect bulk crystals,
one of the characteristics of dislocations and grain boundaries is that the presence of crystal
defects increases the Gibbs energy. Systems containing dislocations and grain boundaries
tend to reduce this energy in several ways. For example, some alloying elements will be
enriched near dislocations (Figure 8a) or grain boundaries (Figure 8b) during the thermo-
dynamic optimization process, which reduces the energy of the system such that a stable
state is obtained. Segregation refers to changes in local element concentration caused by the
above situation. Kang et al. [89] reported that, due to the high strain energy of dislocations,
the effect of configurational entropy on the uniform distribution of atoms decreases signifi-
cantly. The stronger interactions between atoms with higher size misfits and dislocations
encourage the preferred segregation to dislocations in order to reduce the dislocation line
energy [102-106], which has a significant effect on dislocation creep behavior. The critical
stress imposed by the elastic interactions between segregated solute atoms and dislocations
that must be overcome by partial dislocations is much larger than CSRO, leading to the tar-
diness of dislocation cross-slip and the emergence of wave-like slip behavior [103,107,108].
Additionally, grain boundary and surface segregation can change the interfacial compo-
sitional structure, such as the segregation in Cantor alloys [109-112], Cu-Nb alloys [113],
Cu-Ag alloys [114], Ni-Ti alloys [115], etc. Wynblatt et al. [109] suggested that the main
driving forces for grain boundary segregations are interfacial energy, element interactions,
and internal strain energy arising from size misfits. The degree of segregation of differ-
ent elements will be affected by many factors, such as chemical constituents, interface
structures, and grain size. Some studies have suggested that the addition of certain solute
atoms to the grain boundary will decrease the grain boundary energy, thus suppressing
grain growth [116-118] and enhancing the fracture toughness and strength [115]. Recent
studies have shown that the segregation of solute atoms at the grain boundaries can further
enhance the strength and hardness of nanocrystalline materials [119-121]. Conversely,
grain boundary segregation may embrittle the grain boundaries which makes it more likely
to failure [122-124].

Solute atoms also segregate at stacking faults (Figure 8c), a phenomenon commonly
known as Suzuki segregation [47,125-131]. Ni-based superalloys, as a critical class of high-
temperature-resistant materials, are usually able to achieve excellent high-temperature
mechanical properties from coherent fcc v/ precipitates [132,133]. In particular, investiga-
tions on the creep properties and microstructure of Ni-based superalloys have attracted
much attention. For example, dislocation glide in the y matrix [134-136] can lead to the
formation of dislocation networks around y’ particles [137-140], the dislocation shearing
of v/ particles [141-144], etc. Suzuki segregation usually occurs in superlattice intrinsic
and extrinsic stacking faults in the v’ particles of MPEAs. Segregation, as one of the
manifestations of chemical inhomogeneity, has been the subject of intensive studies with
respect to its role in stacking faults and its impact on the mechanical properties on MPEAs.
The effect of stacking fault segregation on Ni-based superalloys is mainly reflected in the
control of creep properties. Through atomic resolution characterization of the active y’
shearing mechanisms, Smith et al. [128] reported that stacking fault segregation may be key
to improving creep strength by slowing the formation and extension of twins. The change
in local SFE due to segregation affects the dissociation behavior of dislocations, thereby
affecting the dislocation cross-slip and twinning behaviors. Since SFE is dependent on the
local compositional distribution [79,145,146], the stacking fault segregation also affects the
deformation behavior of MPEAs. Due to the elemental diversity of MPEAs, the segregation
tendency of various elements is difficult to predict and cannot be generally applied to all
cases. The segregation of different elements near different defects will have different effects
on the mechanical properties. Zhao et al. [147] demonstrated that the segregation of Co/Cr
in complex stacking faults can improve interfacial stability and plastic deformation capacity.
In addition, the segregation of Co at superlattice intrinsic stacking faults is beneficial in
increasing work hardening. These studies were focused on the influence of segregation



Metals 2023, 13, 594

10 0of 18

on the mechanical properties of alloys, providing ideas for the rational composition and
structural design of Ni-based alloys and other alloys.
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Figure 8. Solute segregation for different structures. (a) Hypothetical representations of interaction of
atoms with a dislocation and STEM and chemical analysis of interfacial dislocation core structure at
the atomic scale. The green square indicates the position of dislocation core. The lower right corner
shows the EDS maps showing distribution of elements Re, Cr, Co, and Mo at the dislocation core
are (Reprinted with permission from Ref. [87]. Copyright 2018, Elsevier; Reprinted with permission
from Ref. [89], Copyright 2018, Taylor & Francis). (b) Segregation at grain boundaries along the blue
arrow (Reprinted with permission from Ref. [110]. Copyright 2019, Elsevier). (¢) HAADF—-STEM
image of Cr20Fe6C034Ni34Mo6 alloy showing the segregation of Mo to stacking faults. The red
arrows represent the stacking faults. The lower right corner shows the elemental distribution in the
red square (Reprinted with permission from Ref. [130].Copyright 2019, Taylor & Francis).

5. Chemical Inhomogeneity at Larger Scales of Length

Chemical inhomogeneity in the MPEAs exists at a variety of different scales of length.
In addition to CSRO [148] and CMRO [149] at the atomic scale, there is also the inhomogene-
ity of elemental distribution at the micro-/nanoscale [48,150], or even at the macroscale [151]
(Figure 2). In addition to structural heterogeneity [14,152-154], many attempts have been
made to achieve tunability of the deformation mechanism through chemical structure
design with the purpose of enhancing strength—plasticity synergy. In our previous works,
by designing a compositional gradient for every constituent [155], we were able to achieve
enhanced tensile strength and plastic deformation capacity in CoCrNi MEA. Obvious strain
hardening and plastic strain delocalization were observed in MEA with compositional
periodicity and short-range order [156]. In these previous studies, the alloys maintained a
single-phase fcc structure despite the presence of chemical inhomogeneity. In larger-scale
chemically inhomogeneous alloys, local phase transitions from single-phase solid solutions
to dual-phase or even multi-phase solid solutions may occur due to the presence of compo-
sitional fluctuations. With a sufficiently large wavelength of compositional fluctuation, local
phase transformation will occur inside the alloys. For example, Chen et al. investigated
spinodal decomposition-induced compositional heterogeneity and suggested that the for-
mation of the three-dimensional chemical heterostructure through spinodal decomposition
effectively impeded dislocation motion and promoted the formation of a high-density
dislocation loop [157]. By controlling the inhomogeneity of Mo in (CoCrNi)93Mo7 MEA,
a heterostructure with banded precipitates was generated, promoting strength—plasticity
synergy [49], as shown in Figure 9. Kuczyk et al. [50] suggested that compositional dis-
tribution can be controlled through laser metal deposition to achieve a chemical gradient
structure. They proposed a suitable methodology for synthesizing AICoCrFeNi HEA with
a millimeter-scale compositional gradient. The change in microstructure from single-phase
to a fine-scaled dual-phase bcc solid solution was detected, and the relationship between
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the microstructure and the hardness of the HEA with both uniform and gradated chemical
distributions was investigated.

Mo7-AC-AN
Mo7-HM-AN

1 . L L 1
10 20 30 40 50
Engineer strain (%)

5 Mo7-HM-AN

10 20 30 40
True strain (%)

Figure 9. Tensile properties affected by chemical distribution (Reprinted with permission from
Ref. [49]. Copyright 2019, Elsevier). (a) SEM micrographs and elemental distribution of as—cast
(Mo7-AC-AN) and (b) homogenized (Mo7-HM-AN) HEAs. (c) Engineering stress—strain and work
hardening rate curves of the two alloys. The red arrows represent the strain hardening rate platform.

In addition to MPEAs, there have been some studies on controlling the mechanical
properties by tuning the compositional distribution in traditional alloys to better realize
engineering applications. For example, Wu et al. [158] designed Ti/TizAl ductile and
brittle composites by simultaneously controlling the macroscopic lamination structure and
microscopic compositional gradient, giving full play to the ability of the structure and
chemical design to disperse local strain during deformation. In this way, the plastic flow can
be effectively stabilized by strain delocalization to achieve superior mechanical properties.
Hofmann et al. [159] performed finite element simulations on an automobile valve stem
and demonstrated a reduction in stress by an order of magnitude at the alloy joints with
a centimeter-scale compositional gradient. Although these studies are not focused on
MPEAs, they are typical cases in which practical applications of alloys benefit from the
design of macroscopic chemical gradients, which can provide insights for the design of
high-performance MPEAs.

6. Discussion and Conclusions

Multi-principal element alloys, especially medium-/high-entropy alloys, have re-
ceived extensive attention from many researchers, mainly because of their compositional
complexity, which leads to the greatly improved designability of such alloys. To better
understand the relationship between their chemical structure and mechanical properties,
research on chemical inhomogeneity should be expanded to other types of alloy, rather
than concentrating on FCC alloys as is currently the case. Considering the complexity of
the design and the tuning of chemical microstructure, computer simulation can certainly
be beneficial in this respect. The most recent developments in experimental methods, such
as heat treatment methods and microstructural observation methods, continue to promote
the study of chemical inhomogeneity as well.

The formation of chemical inhomogeneities in MPEAs is highly dependent on the al-
loying constituents and the experimental treatment process. As proposed by Ding et al. [27],
there is a distinct difference in chemical structure between CrMnFeCoNi and CrFeCoNiPd
HEAs. Because the atomic size and electronegativity of Pd atoms are obviously different
from those of other elements, the addition of the Pd element causes all elements to show a
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stronger aggregation tendency. However, CrMnFeCoNi also shows a relatively random
and uniform concentration distribution. The type, content and distribution of alloying
elements have a considerable influence on the formation of the chemical structure. In
addition, the degree of chemical inhomogeneity will be impacted by the experimental
treatment method, including annealing time, temperature, etc. In line with the preced-
ing discussion, this explains why many studies have come to rather disparate findings
regarding the chemical inhomogeneity of alloys. Hence, not only should the composition
and proportion be determined when investigating a particular chemical inhomogeneity,
but the experimental processing technology should also be properly controlled. In this
approach, it is possible to qualitatively or quantitatively explore the causes and effects of
chemical inhomogeneity, while also guaranteeing the reproducibility of an experiment or
computer simulation. The study of the chemical structure design in MPEAs is still in its
early stages, and further research is still required to fully understand how the element
types and compositional undulation of MPEAs affect the microscopic deformation process
and macroscopic mechanical properties. There are even more high-performance alloys to
be explored and discovered thanks to the variety of elements and experimental techniques.
Future work can concentrate on exploring the microscopic mechanism of the effect of chem-
ical structure design on mechanical characteristics and utilizing the relationship between
chemical distribution and mechanical properties to obtain the optimal design of MPEAs.

The present article reviews chemical inhomogeneities from the atomic to the macroscale
and their effects on the mechanical properties and deformation mechanisms of multi-
principal element alloys. The main contents can be summarized as follows:

1. Due to the mismatch in atomic size and the complex electromagnetic interactions
between different elements, the existence of LCO is inevitable, and the degree of
LCO can be adjusted by manipulating the heating process or adding some substitute
alloying elements, etc. In MPEAs with compositional inhomogeneity, especially in the
case of naturally occurring CSRO during annealing, the increasing energy barrier for
dislocation nucleation is beneficial for enhancing the yield strength of the alloys. Due
to the differences in local strength and plasticity, areas with better performance are
treated as obstacles, which will facilitate strengthening. This will reduce the speed of
dislocation movement and promote dislocation cross-slip. At this time, the possibility
of interaction between dislocations increases, which can promote the multiplication
and pile-up of dislocations, resulting in an increase in the flow stress and strain
hardening rate during plastic deformation.

2. Segregation causes varying degrees of chemical inhomogeneity at the nanoscale. The
interaction between the segregated atoms and the dislocations affects the morphology
and the slip velocity of the dislocations. In addition, grain boundary segregation can
reduce grain boundary energy, improving the fracture toughness and the strength of
the alloys, but it may lead to grain boundary embrittlement. Furthermore, stacking
fault segregation may increase the creep strength of the alloys by slowing down the
formation of twins. The segregation of different elements in the vicinity of various
defects can have disparate effects on mechanical properties. Therefore, the effect
of segregation on the dislocation behavior and mechanical properties needs to be
analyzed depending on the specific conditions.

3. Experimentally, the ratio of the alloying elements can be controlled during the smelting
process in order to synthesize alloys consisting of alternately laminated alloys with
macroscopic compositional fluctuations. This will result in various scales of length
and forms of compositional inhomogeneity in MPEAs with single-phase, dual-phase,
and even multiphase structures. In fact, the inhomogeneous distribution of different
elements is a prerequisite for the formation of dual-phase or multiphase structures.
The compositional complexity of MPEAs is conducive to the adjustment of local SFE,
promoting the occurrence of twinning, phase transition and defect storage, which can
not only hinder dislocation movement, but can also improve the plastic deformation
capacity of the alloys.
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To date, a number of studies have investigated CSRO, nanoscale and larger-scale
compositional fluctuations, probing their effects on the deformation mechanisms and me-
chanical properties. Although the results may be controversial, there is no doubt that the
optimal design of compositional inhomogeneity can improve the overall performance of
MPEAs. However, due to the difficulty of experimental preparation, most of these re-
searches has been devoted to exploring different preparation techniques, while the research
on microscopic deformation mechanisms and mechanical properties is very limited. Fur-
ther efforts are required in this field concerning larger-scale compositional inhomogeneity
in the future. It is noteworthy that the development of high-performance MPEAs may be
achieved by cross-scale design of chemical inhomogeneity, such as controlling larger-scale
element concentration fluctuations while tailoring CSRO, which is expected to be able to
effectively enhance strength—plasticity synergy.
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