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Intermetallic materials are bestowed by diverse ordered superlattice structures together with many
unusual properties. In particular, the advent of chemically complex intermetallic alloys (CCIMAs) has
received considerable attention in recent years and offers a new paradigm to develop novel metallic
materials for advanced structural applications. These newly emerged CCIMAs exhibit synergistic
modulations of structural and chemical features, such as self-assembled long-range close-packed
ordering, complex sublattice occupancy, and interfacial disordered nanoscale layer, potentially
allowing for superb physical and mechanical properties that are unmatched in conventional metallic
materials. In this paper, we critically review the historical developments and recent advances in
ordered intermetallic materials from the simple binary to chemically complex alloy systems. We are
focused on the unique multicomponent superlattice microstructures, nanoscale grain-boundary
segregation, and disordering, as well as the various extraordinarymechanical and functional properties
of these newly developed CCIMAs. Finally, perspectives on the future research orientation, challenges,
and opportunities of this new frontier are provided.

Keywords: Ordered superlattice; Intermetallic materials; Chemically complex alloys; Sublattice occupancy; Grain-

boundary engineering
Introduction
Metallic materials can be roughly divided into two major cate-
gories: one with disordered atomic structures and the other with
ordered atomic structures. As a unique type of alloys, intermetal-
lic materials with ordered superlattice structures have drawn
tremendous attention in a broad range of modern industries
due to their many unique structures and properties, including
long-range ordering, strong atomic bonding, site-isolation effect,
high strength, high melting points, good corrosion, and oxida-
tion resistance, etc. [1–15]. For example, many ordered inter-
metallic phases or alloys possess stable long-range ordered
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crystalline structures even up to their melting points [2,7,10].
Stronger binding and closer packing between various atomic spe-
cies enable them to have restricted atomic mobility and sluggish
lattice diffusion, as well as better resistance to creep [1,4]. More
importantly, these alloys generally exhibit the unusual yield
stress anomaly behaviors, namely the increased rather than
decreased yield strength with the increase of temperatures (see
Fig. 1) [4,16–18]. All of these intriguing behaviors make them
with a great prospect as high-temperature structural materials,
which are crucial for a variety of important applications includ-
ing aerospace, nuclear power, and chemical processing, etc.

However, ordered intermetallic alloys are generally
susceptible to limited ductility and brittle fracture at ambient
temperatures, which seriously limits their practical usability.
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FIGURE 1

Yield strength anomaly behaviors observed in several binary intermetallic
alloys with the L12-type crystalline structure [18].
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The embrittlement problem can be mainly caused by an insuffi-
cient number of slip systems (bulk brittleness) and poor grain
boundary cohesion [5,19,20]. To overcome this thorny problem,
during the past years, we have systematically investigated the
physical metallurgy principles and mechanical behaviors of
ordered intermetallic alloys, especially for the cubic ordered
intermetallic alloys [5,10,14,21–25]. Various kinds of alloying
processes (both macro-alloying and micro-alloying) and
microstructural control techniques have been developed to
intrinsically enhance their plastic deformation capacities [22–
24]. For example, in the Ni3V–Co3V–Fe3V alloy systems, tailoring
the value of electron concentration (e/a) provides a very effective
method to design the ductile ordered intermetallic alloys. By
adding the Fe element, the brittle (Ni,Co)3V alloy can be signifi-
cantly ductilized, as long as the valence electron concentration
falls below about 7.85 [4,5]. Moreover, the tensile ductility of
polycrystalline Ni3Al alloys can be improved to some extent by
micro-alloying of B, Zr, and Hf elements, which segregates to
grain boundaries and helps to eliminate the easy crack propaga-
tion along with them [14].

Althoughmany remarkable achievements have been obtained
in the metallurgical design of structural intermetallic alloys,
there still has a relentless quest to achieve significantly enhanced
mechanical properties. However, the research mainstream in pre-
vious studies was mainly limited to the chemically simple sys-
tems, such as the Ni3Al, Ni3Si, NiAl, and TiAl-based alloys,
which in general only contains small amounts of other kinds
of additional elements, leading to a seriously limited composi-
tional space for further performance optimization. Recently, a
new design concept of the CCIMAs (sometimes also referred to
as multicomponent intermetallic alloys or high-entropy inter-
metallic alloys) has emerged that offers a new opportunity to
overcome this dilemma. By uniquely combining the long-range
ordered superlattice structures and concentrated alloying of mul-
tiple elements together with unusual synergistic effects, the
2

Please cite this article in press as: T. Yang et al., Materials Today, (2021), https://doi.org/10
newly developed CCIMAs create a new frontier for innovative
structural materials with potentially extraordinary mechanical
and physical properties, e.g., superb strength-ductility combina-
tion at room temperature, excellent thermal stability, unique
super-elasticity, and superior creep resistance [13,26–29].

To foster a greater interest in this field and accelerate its devel-
opment, here we provide an overview of the recent important
discoveries and advances in the development of CCIMAs. In par-
ticular, the CCIMAs with the cubic ordered structures will be
highlighted here due to their great potential towards superior
strength-ductility combination. We aim at focusing on some
key fundamental issues related to this emerging field, including
the unique ordered superlattice structure, grain-boundary segre-
gation and phase transformation, atomic-scale microstructural
characterization using state-of-the-art multi-scale analytical
tools, as well as the various intriguing properties. Finally, chal-
lenges and prospects for the future development of this new class
of CCIMAs are briefly highlighted.
On the concept of chemically complex intermetallic
alloys (CCIMAs)
It is well known that the development of structural alloys was
mostly based on the single-principal-element metallic systems,
which, however, is increasingly difficult to meet the growing
requirements of designing advanced modern alloys due to the
quite limited freedom for compositional and microstructural
adjustments. Similar to the design of common engineering mate-
rials (like steels), the development of structural intermetallic
alloys was generally restricted within the chemically simple sys-
tems, such as the L12-type A3B alloy, with only one principal ele-
ment occupying each specific sublattice [14,30]. Kolli et al.
carefully analyzed over 4000 intermetallic compounds and sum-
marized the top 20 most common parent (basic) crystal struc-
tures for the binary metallic alloys [31]. As presented in Fig. 2,
the body-centered cubic (BCC) and face-centered cubic (FCC)
parent crystal structures have the largest number of chemical
orderings, primarily dominated by the B2 and L12-type superlat-
tice structures, respectively (see Fig. 2b) [31]. In comparison with
the low-symmetry crystalline structures (such as ordered hexago-
nal structure, topologically close-packed structure), the high-
symmetry B2 and L12 superlattices with cubic ordered structures
inherently have adequate independent slip systems, which allow
for achieving decent plastic deformation capabilities in principle
[5,32]. This intriguing fact has attracted significant research
interests during past decades to develop structural intermetallic
materials. Nevertheless, research on the chemically simple inter-
metallic systems has encountered a bottleneck, and the mechan-
ical properties achieved previously are still unsatisfactory so far.

Recently, the metallurgical design by multicomponent alloy-
ing in multi-principal-element systems has been proposed,
which offers a promising pathway for designing novel metallic
materials with optimal properties [33–37]. To further improve
the comprehensive performance of the intermetallic alloys, the
design trend has been shifted to the chemically complex sys-
tems, radically departing from conventional compositional
regions [13,28,38–45]. For example, motivated by the ductile
multicomponent intermetallic nanoparticles formed in the
.1016/j.mattod.2021.12.004
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FIGURE 2

(a) The distribution of intermetallic compounds across the top 20 most common parent crystal structures for binary metallic alloys [31]. (b) The breakdown of
ordered intermetallic compounds among the top six most common parent crystal structures for binary metallic alloys in (a). Ordering with specific
Strukturbericht prototype structures are labeled. The green blocks represent orderings that do not have a Strukturbericht prototype name. The purple blocks
represent orderings that contain vacancies. [31].
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precipitation-hardened high-entropy alloys [33], Yang et al. fab-
ricated the bulk (Ni,Co,Fe)3(Al,Ti,Fe)-type CCIMAs with a highly
alloyed L12-type structure, which was demonstrated with out-
standing mechanical properties and thermal stability [13]. It
was revealed that the Ti and Al atoms mainly occupy the vertices
of the L12 unit cell, whereas the faced-centered positions are
mainly occupied by Ni and Co atoms. It is interesting to find that
the Fe atoms can occupy both the sublattice sites for maintaining
the alloy stoichiometry. Although it has the L12 crystalline struc-
ture, such an atypical superlattice of the (Ni,Co,Fe)3(Al,Ti,Fe)-
type structure is completely different from its binary Ni3Al coun-
terpart. Such a distinctly different site-occupation behavior are
expected to bring about unique electronic structures, energy
states, deformation substructures, and final properties of these
alloys. Moreover, Zhou et al. synthesized several single-phase
CCIMAs with a B2-type ordered structure, e.g., the (Fe1/5Co1/5-
Ni1/5Mn1/5Cu1/5)Al alloy [39]. Five transition metal elements,
e.g., Fe, Co, Ni, Mn, and Cu of equimolar fractions, occupy one
sublattice, with Al on the other sublattice. More recently, Feng
et al. discovered a novel ductile-transformable multicomponent
B2-type intermetallic phase with a composition of Ni32.3Fe12.1-
Cr8.8Co16.9Al29.9 (at.%) in a fatigue-resistant high-entropy alloys.
Distinct from the traditional B2-type intermetallic phase that
cannot bear too much plasticity in large sizes, it was found that
these quinary B2 phases can deform plastically without microc-
racking during tensile deformation, suggesting the intrinsic duc-
tile nature of this kind of chemically complex B2 intermetallic
phase [46]. A direct comparison between the simple binary and
chemically complex L12 and B2-type superlattice structures was
illustrated schematically in Fig. 3. In view of the chemically com-
plex site occupancy, a unique “sublattice high-entropy effect”
with distinctive physical and/or chemical synergism can be
expected, which would produce great impacts on the electronic
structures, energy states, deformation substructures, and final
Please cite this article in press as: T. Yang et al., Materials Today, (2021), https://doi.org/10
properties of these alloys. More importantly, the grain-
boundary structures could also be significantly altered due to
the complex alloying of multiple elements [13,44]. In brief, the
concept of CCIMAs provides a new and promising research direc-
tion for designing ordered intermetallic alloys with a vast range
of possibilities.

Unique microstructures of CCIMAs
In this section, we would like to summarize the milestone pro-
gress in the development of CCIMAs, including the control of
ordered crystal structures, engineering of grain-boundary che-
mistries and structures. Additionally, the multiscale characteriza-
tions, especially the atomic-level observations of the long-range
ordered atomic configurations and the local grain-boundary
nanostructures using state-of-the-art analytical tools such as
three-dimensional atom probe tomography (3D-APT) and Cs-
corrected transmission electron microscopy (Cs-TEM), will be
highlighted here.

Chemically complex ordered superlattice structure
Regarding realistic applications, the crystalline structures and
atomic configurations matter fundamentally. Site occupation
preferences of various elements and their alloying effects in var-
ious chemically complex intermetallic alloys or phases will be
briefly discussed here. Representative examples of direct imaging
of the sublattice occupation behavior by Cs-TEM and 3D-APT
will also be presented.

Site occupation preference
Distinguished from the scenario in disordered alloys, elements in
ordered alloys tend to regularly occupy specific sublattice sites.
The elemental site preference can strongly influence the elec-
tronic bonding and therefore brings about numerous unique
mechanical and functional properties. Over the past year, sub-
3
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FIGURE 3

Schematic diagram of the unique atomic occupation behaviors of the novel (a) chemically complex L12 and (b) chemically complex B2 superlattices in
comparison with the conventional binary counterparts. For the binary L12/B2 structure, each sublattice is essentially occupied by one single element. By
contrast, for the quinary L12/B2 superlattice, each constituent sublattice is occupied by multiple elements. Tailoring the chemically complex sublattices with
specific atom configurations are expected to change the properties of intermetallic materials significantly.
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stantial research studies have been carried out to obtain an in-
depth understanding of the atom site preference and the associ-
ated effect on the properties of the ordered intermetallic materi-
als. In particular, the elemental occupation behaviors in the
high-symmetry structures (cubic structures, such as L12, B2,
and L21, etc) have attracted the most attention. Taking the L12
structure with the A3B stoichiometry as an example, where A-
site and B-site represent the face center and the corner positions,
respectively. The site preference of an element is strongly
composition-dependent. Schematic illustrations in Fig. 3a com-
pare the atomic configuration between the conventional binary
L12-type structure and the quinary L12-type CCIMA structure.
As shown in Fig. 3b, a similar result can be identified in the B2-
type superlattice structures. The fact of a more complex sur-
rounding environment for individual elements makes the site
occupation preference in the CCIMAs to be mysterious and
intriguing. For example, in the binary Ni3Al intermetallic alloy,
the Cr element is suggested to occupy the B-sites as ternary addi-
tion [47], while it is observed to substitute A-sites in many of the
multicomponent L12 phase [48,49]. Those unusual site prefer-
ence behaviors of the CCIMAs may lead to a great potential of
achieving unexpected properties. For example, Firstov et al.
4
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showed that the (TiZrHf)50(CoNiCu)50 family of CCIMAs with
the B2 ordering undergo the martensitic transformation and
exhibit the shape-memory effect [50]. Liu et al. demonstrated
that varying the element occupation in A-sites for the A3B-type
intermetallic materials plays an important role in controlling
the phase structure and tuning the room-temperature ductility
of intermetallic materials [13,23,51]. One of the typical examples
is macro-alloying the hexagonally ordered Co3V alloy with Fe
and Ni elements [5]. The addition of Ni and Fe enables a crystal-
lographic transition from the ordered hexagonal structure to
cubic L12 structure, forming a new CCIMA with a composition
of (Co, Ni, Fe)3V. Compared to the extremely brittle Co3V alloy,
the resulting L12-type CCIMA actually shows a significantly
improved tensile elongation up to �40%. More recently, Ti is
proved to remarkably increase the anti-phase boundary (APB)
energy in a (Ni, Co, Fe)3(Al, Ti, Fe)-type CCIMAs, leading to the
ultra-high tensile strength that outperforms most of the binary
L12-type intermetallic alloys [13]. Although the topic of site
occupation preference has been extensively studied decades
ago, the regulations of elemental occupation have never been
fully clarified in the newly developed CCIMAs, which requires
more systematic studies in the future.
.1016/j.mattod.2021.12.004
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Atomic-scale microstructural characterization
Regarding the atomic-scale microstructural characterization, the
atomic site preference in intermetallic materials is generally ana-
lyzed theoretically utilizing first-principles and thermodynamic
calculations. Yet for the CCIMAs, such a calculation requires a
sharp increase in super-computer resources, and the correspond-
ing computational capability, which is usually costly, time-
consuming, may reduce the accuracy of the calculated results.
With the improved modern techniques, especially the advent
of Cs-TEM and 3D-APT, the site preference of each individual ele-
ment now can be directly identified experimentally [52,53].
Fig. 4a shows a typical example of using 3D-APT for the charac-
FIGURE 4

(a) Spatial distribution maps produced by the 3D-APT plot the distribution o
superlattice phase [52]. Each graph in this figure is generated by examining the
distribution of the relative separation in the <100> direction of the surrounding
of the chemically complex g phase which has formed at a two-layer stacking f

Please cite this article in press as: T. Yang et al., Materials Today, (2021), https://doi.org/10
terization of the site occupation. Elemental spatial distribution
maps obtained from the successive {100} planes of the L12 phase
allow a clear atomic distribution of each element [52]. Appar-
ently, the elements of Al, Ti, Ta, Mo, and Hf prefer to reside on
the B-sites. In contrast, Ni, Co, and Cr elements favor the A-
sites. In addition, some researchers try to use a combination of
Cs-corrected high-angle annular dark-field scanning transmis-
sion electron microscopy (HAADF-STEM) technique together
with dispersive X-ray spectroscopy (EDX) with Super-X energy
detector to experimentally identify the elemental site occupation
probability at the atomic level. As shown in Fig. 4b, Smith et al.
reveal the atomic configurations of a chemically complex g
f various solutes relative to the position of the Ni atoms in the L12-type
local neighborhood around each individual Ni atom, building a frequency

atoms. (b) Quantified atomic resolution EDX elemental maps at atomic scale
ault in the ordered L12 superlattice phase [53].
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phase with a hexagonally ordered structure, where Ni and Co
tend to occupy the A-sites, Ta and Nb preferentially occupy the
Wyckoff 2a sites (red dashed circle), Al and Ti favor the Wyckoff
2d sites (blue dashed circle) [53]. Similar techniques have also
been used to resolve the site occupation in many L12-type CCI-
MAs. Besides, another TEM technique with a basis of the
orientation-dependence of characteristic X-ray emissions of
alloying elements called for channeling-enhanced microanaly-
ses, can be also used for the characterization of the site preference
of such complex alloys [47].
Grain-boundary segregation and nanoscale phase
transformation
Besides the ordered superlattice structure, multicomponent
alloying will greatly change the localized microstructures at the
vicinity of grain boundaries in the CCIMAs. In this section, we
would like to highlight the recent advances in the quantification
of grain-boundary chemistry and nanoscale phase transforma-
tion based on the state-of-the-art Cs-TEM and 3D-APT.

Grain-boundary segregation has long been a critical issue for
the design of polycrystalline materials including ordered inter-
metallic alloys. For example, extensive studies have proved that
boron atom can be strongly segregated to the grain boundary
in conventional binary intermetallic alloys, such as Ni3Al and
NiAl, etc, which can significantly enhance the room-
temperature ductility by improving the intrinsic cohesion of
grain boundary or prevent water molecular reacting with active
metal like Al [54–56]. Very recently, through the combined
experimental analyses of the Cs-TEM and 3D-APT techniques,
we demonstrated a novel toughing strategy in the L12-type CCI-
MAs via purposely engineering the grain-boundary disordered
nanolayer (see Fig. 5a) [13]. The unique multielement co-
segregation of Co, Fe, and B was clearly identified (see Fig. 5b),
which surprisingly enables the destruction of the L12-type
ordered superlattice and triggers the order-to-disorder phase
transformation (i.e., the L12 to FCC transformation) in the vicin-
ity of the grain boundaries. The resulting distinctive nanolayer
acts as a sustainable ductilizing source, successfully preventing
the CCIMA from brittle intergranular fractures by significantly
enhancing dislocation mobilities [57]. It is interesting to point
out that the 3D-APT technique provides a quantitative composi-
tional analysis of the light elements (like boron) at the local
grain-boundary region, which is extremely difficult to be
achieved by using other conventional analytical tools. Neverthe-
less, underlying mechanisms behind the grain-boundary co-
segregation and disordering behaviors in the CCIMAs are still
far from being fully understood at the present time. It is believed
that advances in various theoretical simulations may offer a great
support in this regard.
Properties and application prospects
After carefully elaborating the unique microstructures of the
CCIMAs, in this section, we would like to summarize the proper-
ties and prospects of CCIMAs for both structural and functional
applications. Comparative analyses and corresponding discus-
sions will also be provided.
6
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Super-elastic and shape-memory effect
Metallic components with the ability to undergo large and rever-
sible deformations over a broad temperature range are highly
desirable for advanced engineering applications, such as deep-
space and deep-sea exploration. However, as being governed by
the yield stress and Young’s modulus, the elastic strain limit
rarely exceeds 1% due to the intrinsic limits of atomic bonding
in traditional metals [58]. Fortunately, the controllable reversible
martensitic transformation in the CCIMAs provides promising
solutions to produce ultra-large and recoverable strain. Two main
macroscopic effects have been characterized, that is, the super-
elasticity and shape-memory effect [59]. The super-elasticity
refers to the ability to recover from loading-originated large
strains without significant residual strains. In contrast, the
shape-memory effect refers to the capacity to recover to the orig-
inal shape after being loaded with a temperature variation.

Conventional Cu-Al-based, NiTi-based, and Fe-based shape
memory alloys exhibit up to a �10% recoverable pseudo-elastic
strain through the reversible stress-induced martensitic transfor-
mation [60,61]. For example, the crystal structure transformation
between the ordered B2 structure and B19’ structure enables the
NiTi-based alloys with the ability to recover their original shapes
when heated above the austenite finish temperature [62]. More
recently, unprecedented super-elasticity has been successfully
achieved in NiCoFeGa-based Heusler alloy with an ordered L21-
type structure (see Fig. 6) [27]. Fig. 6a shows the overlapped
stress–strain curves of the loading–unloading tests for the Co20
alloy (i.e., the Ni35Co20Fe18Ga27 alloy), where a maximum recov-
erable non-hysteretic super-elasticity of 15.2% combined with a
high strength of �1.5GPa can be achieved. With the combined
analyses of in-situ synchrotron X-ray diffraction and advanced
scanning transmission electron microscopy (STEM) technique,
such a large non-hysteretic super-elasticity response could be
associated with a continuous phase transition between the disor-
dered x structure and ordered L21-type Heusler structure (see
Fig. 6b–e) [27]. Moreover, no degradation of the reversible
super-elasticity of the Co20 alloy can be observed after 8000
loading cycles over a wide temperature window (123 � 423 K),
rendering it with a high elastic energy-storage capacity and cyclic
stability.

More importantly, it should also be noted that a critical stress
is necessarily required to induce the martensitic transformation,
which usually increases with the increased temperatures as a
result of the enhanced austenite stability [27]. Once the required
critical stress exceeds the yield strength, plastic deformation
occurs ahead of the reversible martensitic transformation, ren-
dering the disappearance of super-elasticity. Such an issue sets
a limit to the temperature range for super-elasticity and restricts
the engineering applications of shape-memory alloys. Luckily,
the vast compositional space of CCIMAs provides a feasible
approach to exclude the temperature effect. For example,
through carefully compositional tuning, Fe–Mn–Al–Cr–Ni-based
shape memory alloys with a temperature-independent critical
stress were designed, in which B2-type intermetallics are believed
to play an important role in facilitating the thermoelastic
martensitic transformation [63,64]. Zarnetta et al. [65] reported
a Ti–Ni–Cu–Pd CCIMA with near-zero thermal hysteresis and
.1016/j.mattod.2021.12.004
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FIGURE 5

Nanoscale disordering and multi-element co-segregation in the vicinity of grain boundaries of the Ni43.9Co22.4Fe8.8Al10.7Ti11.7B2.5 (at.%) superlattice alloy [13].
(a) High-resolution HAADF–STEM image and the corresponding fast Fourier transform (FFT) patterns reveal the ultrathin disordered layer at the grain
boundaries with a nanoscale thickness. (b) Atom maps reconstructed using 3D-APT that show the distribution of each element. Fe, Co, and B are enriched at
the disordered interfacial nanolayer (DINL), whereas Ni, Al, and Ti are enriched in the ordered superlattice grain (OSG) correspondingly.
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excellent functional stability. They found that the degree of
interfacial coherency between the B2 phase and the transformed
orthorhombic martensite plays a dominant role. By carefully tai-
loring the Ni:Pt ratio, the geometric compatibility of these two
phases has been optimized, which in turn results in a minimum
increment of the bulk energy and thus leads to a decrease in the
width (approach zero) of the thermal hysteresis. Moreover, Pior-
unek et al. studied the chemical complexity effect on the solidi-
fication microstructures and martensitic transformations of a
high-entropy shape-memory alloy (HESMA) system. They dis-
covered a novel B2-type NiCuPdTiZrHf HESMA, which has the
potential to provide maximum shape memory strains close to
15% [66].
Please cite this article in press as: T. Yang et al., Materials Today, (2021), https://doi.org/10
Strength-ductility combination at ambient temperature
The strong chemical bonding of long-range ordered intermetallic
alloys makes them attractive to be developed as advanced struc-
tural materials with superior strengths. However, as the crys-
talline structures become highly ordered, brittle failure is more
likely to take place under external loading (especially the tension
condition) and demolish the most desirable properties of this
class of alloys [67]. Recent studies have demonstrated that
extraordinary strength-ductility balance at ambient temperature
can be successfully realized in the novel L12-type CCIMA by trig-
gering the multi-element co-segregation and associated nanos-
cale interfacial disordering at grain boundaries [13]. Apart from
the eliminated intergranular embrittlement, the yield strength
7
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FIGURE 6

Unprecedented super-elasticity and unusual phase transformation behaviors in the Ni35Co20Fe18Ga27 (at.%) CCIMA (single-crystal state) [27]. (a) Stress–strain
curves at room temperature, showing unprecedented super-elasticity with a recoverable strain up to 15.2% and a high fracture strength of 1.6 GPa. (b)
Schematic diagram of the ordered L21 and disordered x structures. (c) Corresponding selected area diffraction pattern with reflections from both L21 and x
structures. (d and e) Inverse Fast Fourier Transition (IFFT) image of the L21 and x structures.
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of the L12-type CCIMA (Ni43.9Co22.4Fe8.8Al10.7Ti11.7B2.5, at.%)
also exceeds 1 GPa, which is 2.6 times higher than that of simple
Ni3Al-based alloys (Fig. 7a). The substantially enhanced strength
can primarily be ascribed to the increased APB energy via multi-
ple alloying additions. The occupation of Al sublattice sites in
Ni3Al-type L12 intermetallic alloy by Ti atoms substantially
increases the APB energy [68], and thereby increases the macro-
scopic flow stress of the current CCIMA by elevating the energy
barrier required for the leading dislocation bowing out. The APB
energy of this CCIMA has been estimated to be �296 mJ/m2,
whereas that of binary Ni3Al alloy is only �110 mJ/m2 [69].
Therefore, as compared to the Ni3Al alloy, the extra APB energy
accounts for an increment in the critical stress (�722 MPa)
required for the dislocation nucleation in this NiCoFeAlTi-type
CCIMA, resulting in exceptionally high strengths during tensile
deformation.

The larger tensile ductility can be attributed to the formation
of the unique grain-boundary disordered nanolayer driven by the
multi-element co-segregation, which is effective in suppressing
the intergranular fracture. As shown in Fig. 5, the enrichment
of Fe, Co, and B are identified in the vicinity of grain boundaries,
and thereby promotes the FCC-type solid-solution structure for-
mation by destabilizing the ordered L12 structure. During plastic
deformation, such disordered interfacial nanolayers play an
8
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important role in eliminating possible intergranular embrittle-
ment, which is generally considered as the main concern of poly-
crystalline ordered superlattice alloys for engineering
applications [20,70]. In brief, the macroscopic mechanical prop-
erties of this CCIMA would benefit from the formation of the
grain-boundary disordered nanolayer in the following two
aspects. First, the grain-boundary disordering reduces the critical
stress for dislocation generation and allows an easier dislocation
transmission between neighboring grains. It should be noted
that, for the L12-type ordered superlattice, the emission of dislo-
cation from a crack tip requires an additional energy barrier [57].
With the interfacial disordering, such an energy barrier and the
susceptibility for crack initiation and propagation along grain
boundaries will be removed. Second, the nanoscale disordered
layer can act as a ductile buffer zone that helps to relieve the
localized stress concentration at grain-boundary regions when
plastically deformed. This can be supported by Fig. 7c and d,
where massive dislocations were operative in the vicinity of dis-
ordering nanolayer decorated boundary without intergranular
cracking. Therefore, the ductile multicomponent disordered
layer ensures the plastic deformation compatibility between
neighboring ordered grains and therefore suppresses the poten-
tial microcrack formation along grain boundaries even at a
high-strength level (see Fig. 7b and c). These two above-
.1016/j.mattod.2021.12.004
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FIGURE 7

Excellent room-temperature tensile properties and ductile fracture behaviors of the L12-type Ni43.9Co22.4Fe8.8Al10.7Ti11.7B2.5 (at.%) CCIMA with grain-boundary
disordered nanolayer [13]. (a) Representative room-temperature tensile stress–strain curve, showing pronounced strength-ductility synergy in comparison
with the chemically simple Ni3Al-type alloy. (b) Corresponding tensile fractography showing dimple formation. (c) TEM images of the plastically deformed
specimens (5% and 25% strained), demonstrating pronounced dislocation activities can be accommodated at grain boundaries without intergranular crack
formation and associated embrittlement.
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mentioned benefits contribute to a large tensile ductility and
associated pronounced strain-hardening capacities for the L12-
type CCIMA with nanoscale grain-boundary disordering.

Another critical issue for CCIMAs to be used as structural
materials is the susceptibility to extrinsic environmental embrit-
tlement. Previous studies indicated that many polycrystalline
intermetallic systems are susceptible to the moisture-induced
embrittlement along the grain boundaries [20]. Atomic hydrogen
released from the chemical reaction of water vapor with the
active elements (such as the Al) severely embrittle the alloys
and leads to the poor ductility and intergranular cracking. Alloy-
ing addition of Fe has also been reported to alleviate the propen-
sity for environmental embrittlement of the Ni3Al-based alloys
[56]. It should also be noted that the embrittling agent at ele-
vated temperatures is oxygen by dynamically penetrating along
grain boundaries when mechanically loaded [71]. Alloying with
8 at.% Cr to Ni3Al-based intermetallic alloy eliminates such
dynamic environmental embrittlement in the temperature range
between 600 and 800 �C, which is associated with the rapid for-
mation of protective chromium oxide films and the reduced
propensity for oxygen to penetrate along grain boundaries at ele-
vated temperatures [72]. Luckily, the vast compositional space
and numerous elemental combinations among CCIMAs are
Please cite this article in press as: T. Yang et al., Materials Today, (2021), https://doi.org/10
expected to offer a feasible solution to conquer the adverse
extrinsic embrittlement effect via beneficial alloying additions
[13].
Thermal stability and creep resistance at elevated temperatures
The highly ordered crystal structure gives rise to low atomic
mobility and sluggish diffusion in intermetallic alloys, all of
which make them attractive for structural applications at ele-
vated temperatures with superior microstructural stability. The
Ni3Al phase with the L12 structure plays an important role in
the strengthening of Ni-based superalloys by impeding disloca-
tion movement. Such unique property drives extensive studies
on developing Ni3Al-based intermetallic alloys for advanced
high-temperature applications. In the 1980s, Oak Ridge National
Laboratory launched a research program by focusing on Ni3Al-
based intermetallic alloys [73]. Given the beneficial effects of
the anomalous positive temperature dependence of the yield
strength as well as superior high-temperature wear and oxidation
resistance, a series of Ni3Al-based intermetallic alloys were devel-
oped for industrial purposes [72]. For example, as derived from
Ni3Al, IC-211M alloy (Ni–15.9Al–8.0Cr–0.8Mo–1.0Zr–0.03B, at.
%) has been extensively used as transfer rolls in furnaces, the
9
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application of which has been estimated to bring in saving of 25
million dollars per year [74].

The discovery of L12-type precipitates among ternary Co-Al-W
alloys also drives a series of researches on investigating the
thermo-physical properties of Co3(Al,W)-based intermetallic
alloys [75]. Unlike the Ni3Al phase which is thermodynamically
stable up to 1300 �C, the ternary Co3(Al,W) phase is metastable,
which decomposes into B2-CoAl and D019-Co3W phases after
long-term annealing at 900 �C [76]. Guided by first-principle cal-
culations, several beneficial alloying additions have been identi-
fied for the improved thermal stability, e.g., Ni, Ti, and Ta [77].
Recently, a multicomponent (Co,Ni)3(Al,W,Ti,Ta)-type CCIMA
with a nominal composition of Co46.9Ni30Al11W5.5Ti4Ta2.5B0.10

(at.%) was developed along with this line of thinking (Fig. 8a),
which demonstrated the superior high-temperature phase stabil-
ity with a solvus temperature of 1296 �C (Fig. 8b) [26]. Apart from
the significantly enhanced thermal stability, this new kind of
(Co,Ni)3(Al,W,Ti,Ta)-type CCIMA also demonstrated pro-
nounced yield strength anomaly (compression test) as the defor-
FIGURE 8

The chemistries and mechanical properties of the (Co,Ni)3(Al,W,Ti,Ta)-type CCIM
image and the corresponding reconstructed APT nanotip of this L12-type CC
indicating a solvus temperature of 1296 �C. (c) The plot between yield strength a
behavior. (d) Arrhenius plot of strain rate vs. temperature for this kind of CCIMA
dots), demonstrating superior creep resistance for this multicomponent L12-typ
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mation temperature increases from 250 to 800 �C, with a peak
yield strength of �700 MPa (Fig. 8c). Moreover, the steady-state
creep rate of this (Co,Ni)3(Al,W,Ti,Ta)-type CCIMA is more than
an order of magnitude smaller than that of conventional Ni3Al-
based intermetallic alloys (Fig. 8d), suggesting a much superior
creep resistance at elevated temperatures.

Rapid grain coarsening at elevated temperatures sets another
severe limitation for the high-temperature application of poly-
crystalline materials. Remarkably, the CCIMAs with nanoscale
disordered interfaces demonstrated exceptional grain coarsening
resistance with negligible grain growth even after annealing at
1050 �C for 120 h [13]. The multiple elements within the
grain-boundary disordered layer increased the configuration
entropy and lowered the Gibbs energy of grain boundaries,
which reduced the driving force for grain coarsening. Moreover,
the solubility of each element varied between grain boundaries
and grain interior, leading to the retarded solute diffusion
between adjacent grains and associated restricted grain-
boundary motion. The local enrichment of constituent elements
A with a composition of Co46.9Ni30Al11W5.5Ti4Ta2.5B0.10 (at.%) [26]. (a) BF-TEM
IMA. (b) A differential scanning calorimetry heating curve of this CCIMA,
nd deformation temperature, showing a pronounced yield strength anomaly
(L26 alloy) deformed under a constant stress of 320 MPa (denoted by green
e CCIMA.
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at grain boundaries also gave rise to the kinetic stabilization of
grain by the solute-drag effect [78]. All these factors may con-
tribute to the inhibited grain growth at elevated temperatures,
suggesting the promising outlook for polycrystalline CCIMAs
to be used as high-temperature structural materials.

Novel functional properties
Besides being used as advanced structural materials, the CCIMAs
have been demonstrated to exhibit excellent functional perfor-
mance as electrochemical catalysts, thermoelectric materials,
superconductors, and magnetocaloric materials. Some represen-
tative examples of success will be discussed in this section.

Electrochemical water splitting has been identified as a partic-
ularly promising and appealing technology for hydrogen produc-
tions. Through melt-spinning and dealloying techniques, Jia
et al. developed a novel high-performance cost-effective L12-
type FeCoNiAlTi CCIMA [79]. The optimized CCIMA dealloyed
by 15 h shows the excellent hydrogen evolution reaction (HER)
performance of the dealloyed CCIMA in alkalinity condition,
rendering a low overpotential of 88.2 mV at a current density
of 10 mA cm�2 and a small Tafel slope of 40.1 mV dec�1. Such
impressive performance stands at a comparable level with those
noble catalysts like Pt-contained catalysts, surpassing most of the
previous non-noble catalysts reported [80]. They demonstrated
that the underlying mechanisms behind such superior perfor-
mance are twofold. On one hand, the multicomponent nature
of the CCIMAs leads to a strong chemical synergistic effect on
the alteration of the electronic structure. On the other hand, it
also allows greater opportunity for better optimization of the
electrocatalytic performance by isolating the active elements in
the ordered superlattice. More specifically, due to the existence
of two kinds of sublattice, one single Al atom on A-type sublat-
tice coordinated with another element on the B-type sublattice
is suggested to provide a beneficial Gibbs free energy (DGH*) value
for the Heyrovsky step with the Had adsorption and desorption,
which can be well-achieved in the FeCoNiAlTi CCIMA due to
the specific site-occupation preference of individual elements.

Likewise, the CCIMAs have been also demonstrated as good
catalysts for other chemical reactions like oxygen evolution reac-
tion (OER), and electrodes reaction for lithium battery, etc. Ding
et al. reported a Laves-type quinary CCIMA wrapped with an
ultrathin amorphous high entropy oxide for the OER process,
which exhibited a low overpotential (0.288 V@10 mA cm�2)
and excellent durability for 30 h [81].

In addition, some CCIMAs also show great potential in ther-
moelectric, superconductor, and refrigeration applications. For
example, Jiang et al. designed one n-type Pb–Sn-based CCIMA
formed by entropy-driven structural stabilization, which showed
a remarkable improvement in the figure of merit (zT) value (1.8
at 900 K) and conversion efficiency (12.3% at DT = 507 K) [82].
They reported that the largely distorted lattice in the CCIMA
causes unusual lattice strain, which leads to a strong scattering
for heat-carrying phonons and boosts the heat-conversion effi-
ciency of the materials. Similarly, Yan et al. fabricated the
NbFeSb-based half-Heusler CCIMAs by arc melting and subse-
quent spark plasma sintering [83]. It was reported that by increas-
ing the content of the alloying element to substitute Nb-site, the
thermal conductivity decreases (down to 2.5 W/mK), while the
Please cite this article in press as: T. Yang et al., Materials Today, (2021), https://doi.org/10
figure of merit (zT) value increases (0.88 at 873 K). In addition,
inspired by complex copper oxide with superior superconduct-
ing performance, Cava and coworkers reported a single-phase
quaternary LnNi2B2C CCIMA with a high superconducting tem-
perature up to 16.6 K [84]. Via reactive indium flux method, Bao
et al. prepared Y7Ru4InGe12 single crystal, which exhibits super-
conductivity with a transition temperature of �5.8 K [85]. The
large superconducting specific-heat jump induced by electron-
phone coupling suggested that attempts of combining rare-
earth and transition-metal elements are potential to obtain
superconductivity. Furthermore, many Heusler-type CCIMAs
exhibit a giant magnetocaloric effect for refrigeration applica-
tions. Qu et al. reported Ti-dopped quinary NiTiCoMnSn inter-
metallic system [86]. The results show that Ti addition brings
about a large magnetic entropy change (18.7 J kg�1 K�1 under
5 T) and reversible room-temperature magnetocaloric effect.
Outlook and future work
As a newly emerged field in materials science, the CCIMAs offer a
rich playground for designing novel materials for structural
applications because of their tunable superlattice structures, huge
compositional ranges, and promising mechanical properties.
Along with the deepened studies gradually, the application pro-
spect of CCIMAs would become more brilliant and broader,
and meanwhile, new challenges arise accordingly, especially
upon the innovative alloy design and manufacturing techniques.
Therefore, more fundamental and comprehensive studies should
be carried out systematically to further accelerate the discovery of
novel high-performance CCIMAs, and ultimately, facilitate their
wide applications in different industrial fields. Here, we briefly
outline below several critical issues and possible key directions
for future research on advanced structural CCIMAs.
High-throughput design of ordered superlattice structure
In general, the optimal design of CCMIAs, as novel alloys, is
indeed complicated, since it must be considered comprehen-
sively about many critical issues including both the microstruc-
tures and properties. The increased number of constituent
elements greatly enlarges the compositional space for material
exploration, which however, makes it is extremely difficult for
us to quickly screen out the desired alloys with specific struc-
tures. A major impediment is the lack of comprehensive under-
standing of the physical metallurgy mechanisms in such
complex alloy systems. First, it is crucial for us to establish a
quantitative prediction of the composition dependence of sub-
lattice occupancies and the role of atomic bonding states for var-
ious CCIMAs. Moreover, the well-targeted quantitative “grain
boundary design” in CCIMAs has remained elusive until now,
both theoretically and experimentally. While some advances
have been made in the grain-boundary engineering technology
[87–89], the ability to predict the elemental segregation prefer-
ence and the associated phase transformation rules for a given
CCIMAs still remains at the qualitative and empirical level,
which poses a major challenge to materials scientists for design-
ing alloys with customized properties.

More importantly, it is worthy to note that the conventional
trial-and-error method is time-consuming and labor-intensive,
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FIGURE 9

Schematic illustration of the conceptual design of stable nanograined
CCIMAs in the future. The presence of thermodynamically stable FCC-type
nanolayer at the grain boundaries, which shows coherent interfaces with
the surrounded L12 superlattice, are expected to effectively pin the
boundaries for grain-size stabilization.
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which becomes increasingly difficult for alloying screening in
the chemically complex systems. With the rapid development
of machine learning approaches with intelligent data mining
and database construction, the high-throughput computational
design may offer a reliable and efficient tool to explore the enor-
mous space of promising materials [90–92]. In the future, more
efforts and attempts should be made in this aspect, helping to
accelerate the discovery of high-performance CCIMAs. Addition-
ally, from the perspective of economic and resource availability,
sustainable alloy design should also be taken into a serious con-
sideration in the metallurgical community [93–96]. Indeed,
using a large number of elements makes sense only if they are
widely available markets dependent on the geographic concen-
tration and coupled production. However, recycling of chemi-
cally complex alloys is generally difficult excepted if they can
be re-used as they are. As a result, besides the continuous perfor-
mance optimization by elaborately tailoring the compositions of
CCIMAs, it is necessary for metallurgical designers to effectively
incorporate alloying screening criteria (such as the price, avail-
ability, and recyclability) based on the economic and resource
use consequences of element selection [93].

Microstructural control and mechanical properties at elevated
temperatures
The long-term thermal stability at elevated temperatures funda-
mentally determines the working temperature range and engi-
neering reliability of these novel CCIMAs. Interestingly, recent
studies have reported that several promising CCIMAs are highly
stable at high temperatures, which endows them with great
potential as a new kind of excellent heat-resistant materials
[13,28]. Nevertheless, due to the chemical complexity induced
by the multiple elements and their mutual interactions, phase
decomposition of the ordered superlattice might take place dur-
ing long-term exposures under various temperatures. Noted that
the undesired precipitation of brittle phases, like the deleterious
topologically close-packed (TCP) phases, will cause performance
degradation of bearing capacity and durability [97]. Therefore, to
achieve the better microstructural control, it is essential for us to
carefully evaluate the microstructural evolutions of various CCI-
MAs in different temperature ranges, and meanwhile, quantify
the alloying effects of the constitutive elements on their long-
term stability. Moreover, as we discussed above, the grain-
boundary structure, such as grain-boundary segregation, phase
precipitation, character and distribution, could have a big influ-
ence on the performance of materials [49,87,88]. Previous studies
have explored how to tune the local chemistries and nanostruc-
tures at the vicinity of grain boundaries for preventing intergran-
ular embrittlement [13]. As a result, another important question
is, “what is the thermal stability of grain-boundary structures in
the CCIMAs?”. In general, as compared to the grain interior,
microstructural evolutions at the grain boundaries will become
more complicated, and more studies are necessarily needed to
fundamentally understand them. On the other hand, not unnat-
urally, the high-temperature tensile behavior, creep and fatigue
resistance, as well as the associated deformation micro-
mechanisms should be systematically investigated, with the
emphasis on establishing the composition-microstructure-proces
sing-property relationship in this class of CCIMAs. In addition,
12
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more attention should be paid to high-temperature structural
applications of single crystals and directionally solidified
CCIMAs.
Designing high-performance nanocrystalline CCIMAs for
structural applications
Compared to the coarse-grained materials, the nanocrystalline
materials with extremely fine grain sizes at the nanometer level
may exhibit many exceptional physical and mechanical proper-
ties, such as ultrahigh strength/hardness, improved toughness,
reduced elastic modulus, enhanced thermal expansion coeffi-
cient, etc. [98–101]. Keeping this incentive in mind, extensive
studies have been conducted in these areas. However, two major
weaknesses of most nanocrystalline materials, i.e., the strong
coarsening tendency and room-temperature brittleness (very
limited tensile ductility), seriously hinder their structural use in
practical engineering fields [102]. In view of the possible unusual
structural features of CCIMAs, especially the unique composite
architecture of the ordered grain with disordered grain boundary
nanolayer, it is believed that novel high-strength ultrafine-
grained or nano-grained with enhanced thermal stability and
strength-ductility combination could be achieved based on the
CCIMAs strategy. Take the L12-type CCIMAs for example, in
comparison with the conventional solid-solution alloys, the
long-range superlattice structures generally provide a strong
chemical binding with lower atomic mobility and diffusivity,
all of which will contribute to their improved thermal stability
at elevated temperatures. More importantly, by manipulating
the local chemistry and phase transformation at grain bound-
aries, the thermodynamically stable disordered nanolayers
between adjacent ordered grains would be introduced control-
lably, which are expected to substantially prevent the grain
coarsening while improving their ductility. Fig. 9 schematically
illustrates the conceptual design of stable nanograined CCIMAs
in the future. At present, however, despite some promising pre-
liminary results, research in this regard is still in an early stage
.1016/j.mattod.2021.12.004
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and not comprehensive enough. Therefore, in the future, with
the advanced technologies developed for the processing and
characterizations, it is imperative for us to fabricate various kinds
of bulk ultrafine-grained or nanocrystalline CCIMAs and exten-
sively investigate their mechanical properties, as well as the asso-
ciated physical micro-mechanisms.

Concluding remarks
It is well known that those who dominate the new materials
dominate the future's high-end technology. The concept of CCI-
MAs represents a new and promising frontier for the innovative
design of novel materials and devices. In the present work, we
critically reviewed the recent major new ideas and key accom-
plishments in the design principles, microstructural characteriza-
tions, and intriguing properties of CCIMAs. As a newly emerged
metallic material, several CCIMAs with long-range ordered super-
lattice structures composed of various multiple alloying elements
have been demonstrated with many novel and unprecedented
properties and thus they are being actively explored for numer-
ous promising applications, in particular for advanced structural
applications. The combinatorial approaches including the state-
of-the-art microanalysis techniques (such as the 3D-APT) and
theoretical simulations (such as the DFT first-principles calcula-
tion) play crucial roles in revealing their intrinsic metallurgical
behaviors. Inspired by these attractive findings, we believe that
more and more novel high-performance metallic materials with
superb structural/functional properties can possibly be discov-
ered based on the chemically complex intermetallic systems.
Despite these advances, however, research on this topic is in its
infancy at present, and still, there are many unaddressed critical
issues and challenging work. In the near future, to further speed
up the well-targeted quantitative design and controllable fabrica-
tion of CCIMAs with optimized properties, significant effort
should be devoted to fundamentally elucidating the alloying
behaviors and associated microstructural evolutions of CCIMAs,
as well as the atomistic mechanisms behind them. Moreover, to
promote their large-scale industrialization, more attention
should be paid to the new high-throughput experimental work
to systematically evaluate their microstructure-sensitive proper-
ties under various service conditions, especially under harsh
environments like high temperatures, cryogenic temperatures,
high-energy irradiation, etc. It is undoubtedly that the CCIMAs
strategy indeed significantly widens the dimension for alloy
design with target properties, which is expected to be an appeal-
ing pathway for developing novel high-performance materials
and devices.
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