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ABSTRACT ARTICLE HISTORY
In high-entropy alloys (HEA), mixing entropy governs element distribution, while mixing enthalpy Received 20 January 2025
dictates interatomic interactions, influencing the formation of solid solutions or intermetallic com- KEYWORDS

pounds. Negative mixing enthalpy emerges as a pivotal factor in achieving high yield strength and
ductility by driving local chemical fluctuations, short-range ordering, and second-phase formation,
thereby optimizing the microstructure. However, excessive negativity in mixing enthalpy can trigger
a brittle fracture in metallic materials during tensile deformation, reducing mechanical performance.
To optimize HEA design, we propose: (1) introducing controlled ‘negative enthalpy genes’ to pro-
mote SRO via non-equilibrium heat treatments; (2) balancing strength and ductility by fine-tuning
enthalpy negativity; and (3) innovating heat treatment techniques to prevent brittle intermetal-
lic growth. These strategies provide a transformative approach to strengthening and toughening
M/HEAs, encourage deeper fundamental research to unlock their full potential for advanced material
applications.

Negative mixing enthalpy;
enthalpy of mixing; element
affinity; strength and
ductility; microstructure

alloys induces high disorder (or mixing entropy) in
the liquid state, which favors the formation of disor-
dered amorphous glass structures at high temperatures

1. Overview of multi-component alloys

1.1. Development of high entropy alloys

High-Entropy Alloys (HEAs), also referred to as multi-
component alloys, have emerged as a promising class of
materials distinct from conventional alloys, offering sub-
stantial advantages in mechanical properties that have
captivated the attention of researchers. The origins of
multi-component alloy research can be traced back to the
late eighteenth century, when Franz Karl Achard synthe-
sized alloys containing five to seven elements, laying the
groundwork for future explorations [1-3]. In 1993, Greer
etal. introduced the ‘Confusion Principle’, proposing that
the diverse elemental composition of multi-component

[4]. This marked an important milestone in alloy the-
ory. In 2004, Yeh et al. formally coined the term ‘high-
entropy alloys” and outlined the ‘four core effects’—high
entropy, lattice distortion, sluggish diffusion, and the
cocktail effect—significantly advancing the theoretical
understanding of these materials [5]. Concurrently, Can-
tor et al. explored multi-component amorphous alloys,
observing the formation of brittle crystalline structures
rather than the expected amorphous phases, further
validating the feasibility of HEA synthesis [6]. These
pioneering studies ignited a wave of interest in HEAs. By
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combining elements such as Co, Cr, Ni, Fe, Al, and Mn
in near-equimolar ratios, researchers designed Medium-
and High-Entropy Alloys (M/HEAs) with exceptional
mechanical properties, high-temperature stability, and
radiation resistance [7-9]. The HEA design paradigm
breaks traditional alloy research, expanding the material
landscape and offering new directions for alloy devel-
opment [10,11]. Advances in the field are driven by the
strategic selection and optimization of elemental compo-
sitions and microstructures, underscoring the need for a
refined theoretical framework to guide the complex and
diverse design of HEAs.

1.2. Critical factors affecting the phase formation in
HEA

1.2.1. Entropy

Entropy, a core concept in thermodynamics, quantifies
the degree of disorder in a system. As the number of com-
ponents increases, the system’s entropy rises, reflecting
greater disorder. Boltzmann’s entropy equation expresses
this relationship as [12]:

S=kgln W (1)

where kg is the Boltzmann constant, and W represents
the degree of disorder. In alloy systems, mixing entropy
plays a crucial role in determining phase stability and
composition.

Traditional alloy theories suggest that high concen-
trations of mixed elements can lead to the formation of
intermetallic compounds, which typically cause brittle-
ness and reduced toughness. However, recent research
reveals that cast HEAs, despite containing high propor-
tions of diverse elements, can form single-phase, super-
saturated solid solutions, a phenomenon attributed to the
‘high entropy effect’. According to thermodynamics, the
Gibbs free energy (AG) is related to enthalpy (AH) and
entropy (AS) as [13]:

AG = AH — TAS )

In this equation, T is the absolute temperature. HEAs are
characterized by high entropy (AS), and as the number of
alloying elements increases, so does AS [14]. When AH
remains constant, an increase in entropy reduces AG,
enhancing system stability. At elevated temperatures, the
entropy effect becomes even more pronounced, allow-
ing the system to maintain lower energy states and avoid
the formation of brittle intermetallic phases. HEAs can
crystallize into various structures—face-centered cubic
(FCC), body-centered cubic (BCC), and hexagonal close-
packed (HCP)—depending on their elemental composi-
tion. FCC structures often consist of elements like Co,

Cr, Ni, and Fe, while BCC structures are more commonly
associated with refractory metals such as Zr, Hf, Ta, and
Nb, which favor the formation of single-phase solid solu-
tions [15,16]. Entropy serves not only as a fundamental
thermodynamic parameter but also as a critical factor in
HEA material design.

In addition to the high entropy effect, successful alloy
design must account for other factors such as mix-
ing enthalpy (AH,), valence electron concentration
(VEC), melting points (Ty,), and atomic size differences
) [17,18].

1.2.2. Mixing enthalpy (AHpix)

AH,,, represents the interaction between different ele-
ments within an alloy. The formation of intermetallic
compounds or amorphous phases is governed by the
interplay between mixing entropy and mixing enthalpy,
making AH,,;, a key factor in alloy phase design. The
AH,,;x can be calculated as follows [19]:

n
AHpix = 2. Qijjcicj 3)
i=1,i#j

where Q= 4AH;‘;£C, and AHnAfx represents the mix-
ing enthalpy of binary liquid AB alloys. This equation
considers the interactions between different elemental
pairs, and the magnitude of these interactions deter-
mines the alloy’s phase structure. When AH is slightly
negative or zero or positive, single-phase solid solu-
tions are more likely to form. In contrast, increasingly
negative values of AH,;, favor the formation of inter-
metallic compounds or amorphous structures. In ther-
modynamic alloy design, AHp;, reflects the interac-
tion between constituent elements. Strong interactions
promote local atomic ordering, resulting in short-range
ordered structures. If sufficiently stable, these structures
may evolve into long-range ordered intermetallic com-
pounds [14]. When AH,,;, is negative, a trend can be
realized for the formation of short-range atomic clus-
ters or long-range ordered compounds, with the outcome
depending on the magnitude of AHpy [15,20,21]. Cur-
rent experimental and computational studies indicate
that M/HEAs exhibiting a propensity for single-phase
solid solution formation typically possess AH,y, val-
ues in range of —15 to 5 kJ/mol. Within this window,
tailored heat treatment effectively stabilizes the solid-
solution phase while suppressing the formation of brit-
tle intermetallic compounds. Notably, extensive evidence
shows that further reductions in AH,,;, lead to the for-
mation of intermetallic phases, and in some cases, bulk
metallic glasses (BMGs) [14,22,23]. Present data suggest
that AH,,;, &~ —15kJ/mol represents a critical threshold
demarcating the ductile-to-brittle transition in M/HEAs.



Of course, this range reflects current research findings,
future advances in heat treatment strategies may extend
the viable enthalpy range to more negative values, poten-
tially broadening the compositional design space.

1.3. Criteria for the design of high-entropy alloys

1.3.1. Crystal structure

VEC serves as another critical parameter for predict-
ing the crystal structures of metals and HEAs. VEC is
determined by averaging the number of valence elec-
trons per atom in the alloy. Guo et al. proposed that
VEC can effectively forecast the crystal structure in
HEAs: alloys with VEC values exceeding 8 tend to
form FCC structures, while those with values below
6.87 preferentially adopt BCC structures [24]. For VEC
values between 6.87 and 8, a coexistence of FCC and
BCC phases tends to form. So VEC plays a piv-
otal role in governing phase stability in HEAs. Chen
et al. investigated the (AICoCrFeNi);p9—xNix (FCC) and
(CoCrCuFeNi);go—xMox (BCC) alloy series, proposing
design criteria to balance strength and ductility by tai-
loring elemental VEC. Specifically, elements with lower
VEC than the matrix enhance strength, while those with
higher VEC promote ductility [25]. Jin et al. systemat-
ically tuned the Al content in (FeCoNiCrMn);po—xAlx
(x = 0-20 at.%), revealing a structural evolution from
single-phase FCC to FCC + BCC dual-phase, and even-
tually to single-phase BCC [26]. FCC-dominated alloys
exhibited high ductility and low strength, while dual-
phase compositions displayed composite-like behavior,
with sharply increased strength but reduced ductility.
Full transition to the BCC phase resulted in pronounced
brittleness [27]. While the VEC criterion predicts the pre-
dominant lattice type, it does not capture the potential
formation of minor phases or intermetallic compounds,
underscoring the need for complementary approaches in
identifying single-phase solid solutions [28].

1.3.2. Phase composition
e Binary Regular Solution Model

Chen et al. demonstrated that binary enthalpy inter-
actions can precisely reproduce the AH,,;, in multi-
component random solid solutions, such as quaternary
and quinary systems [29,30]. By analyzing more than
40 elements, they constructed a formation enthalpy map
for binary solid solutions, relative to their lowest-energy
crystal structures at 0 K. In this map (Figure 1), red and
blue regions indicate element pairs that either promote or
inhibit mixing, respectively. This map provides a robust
framework for selecting element combinations capable of
forming stable solid solutions in FCC, BCC, and HCP
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structures, guiding the design of HEAs by optimizing
their microstructural and mechanical properties.

e Multi-Component Materials

The Q parameter offers a valuable thermodynamic met-
ric for predicting the formation of solid solutions or
intermetallic compounds in HEAs. Zhang et al. defined
an Q parameter, calculated from the melting temper-
ature (T), mixing entropy (ASmix), and AHpx of the
constituent elements [31]. The parameter is defined as
Q = (TmASmix) / |AHmix|- Note that, the Q param-
eter here represents the product of entropy and tem-
perature divided by the enthalpy value. Although it
shares the same symbol as the Q;;parameter in Equation
(3), it embodies an entirely different physical meaning.
Figure 2 presents key thermodynamic parameters influ-
encing phase stability. Statistical analysis (Figure 2(a,b))
shows that HEAs with J, between 0 and 8.5%, AHpix
between —22 and 7 kJ/mol, and AS;,;x between 11
and 19.5 J/(K-mol) tend to form stable solid solutions.
When Q > 1 (Figure 2(c)), entropy dominates, favor-
ing solid solution formation. Conversely, when Q < 1,
enthalpy effects lead to intermetallic or BMG. Addition-
ally, atomic size difference (Ad;) significantly influences
phase stability. Therefore, predicting the phase stability
and microstructural evolution of HEAs requires a com-
prehensive consideration of parameters such as AHpy,
ASmix, Adr and Q. Among these parameters, AHpix
stands out as a key thermodynamic factor governing
phase evolution. In the next section, we explore current
developments in negative A H,,;x alloy systems.

1.4. Negative mixing enthalpy alloys

Recently, negative AHp, solid solution and negative
A H,y,ix alloys were proposed [33]. In early investigations
of metallic glasses (amorphous alloys), the addition of
alloying elements with negative AH,,;x was shown to
modulate the inhomogeneity of the amorphous matrix,
significantly influencing both the plasticity and glass-
forming ability (GFA) of BMGs [34,35]. These findings
revealed the central role of A Hpjiy as a critical thermody-
namic parameter governing the formation and stabiliza-
tion of metallic glasses. Indeed, AHy,;, has been widely
used in thermodynamic calculations and is a funda-
mental thermodynamic parameter together with entropy,
valence electron concentration, electronegativity and
others for phase diagram establishment and phase stabil-
ity and phase control calculations [36-39]. For instance,
Lu et al. utilized AH,,ix to identify the eutectic point in
eutectic high-entropy alloys (EHEAs), streamlining the
discovery of novel EHEA compositions [40]. Jin et al.
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Figure 1. Formation enthalpy map of binary solid solutions based on density functional theory calculations. Element pairs with the
same crystal structure are represented by gray shading. Pairs with a strong tendency to mix (AHf < —0.2 eV/atom) are highlighted by
red shading, while those with a strong tendency against mixing (AHf > 0.2 eV/atom) are marked with blue shading [29].

combined VEC with AHp;x to develop nanostructured
EHEAs featuring ordered body-centered cubic and FCC
phases [41]. However, negative A H,,;x has not been used
as general guidance to design alloys with synergy of
strength and ductility until recently Han et al. introduced
the concept of negative AH,;, solid solutions in BCC
(HINDbTiV)g9Aljp HEAs, highlighting ‘negative AH,yix
alloying’ route to induce multi-scale local chemical
ordering (LCO) in cast (HINDTiV);90—xAlx (x = 0, 5, 10,
12, 15). This approach enhanced dislocation interactions
and improved work-hardening capacity, offering new
routes for designing high-strength with high-toughness

materials [33,38]. Further advancements involved the
design of cast Cog9_xCryoFeoNixpAly (x =6, 11, 13,
15) HEAs, with AHpx ranging from —10.6 to —6.57
kJ/mol. These alloys exhibited hierarchical heteroge-
neous structures across multiple scales—from micron-
scale (BCC + FCC) to nanoscale (local chemical fluctua-
tions, LCFs)—resulting in high yield strength and excel-
lent ductility [42]. In FCC M/HEAs, AHix could influ-
ence alloy development as implied by the effects of nega-
tive A Hp, from research in the literature, for example, in
VCoNi MEA, heat treatments facilitated the formation of
precipitate phases (e.g. ¢, k, 1, and Heusler phases), these
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Figure 2. Thermodynamic parameters affecting phase stability. (a) Effect of the mixing enthalpy (AHmix) and atomic size difference
(AJy) on phase stability in multi-component alloys and bulk metallic glasses; (b) Influence of mixing entropy (ASmix) and atomic size
difference (Ad,) on phase stability in multi-component alloys and bulk metallic glasses. The symbols in figure a and b, o represents
equiatomic amorphous phase forming alloys; e represents non-equiatomic amorphous phase forming alloys; [J represents solid solution
phases and A represents intermetallic phases [23]; (c) Correlation between Ad; and the Q parameter [31,32].

could possibly be driven by the strong negative enthalpy
interactions between V and Ni/Co [43-45].

Excessively negative A H,,;y is detrimental to mechan-
ical properties, as it suppresses the formation of single-
phase solid solutions and promotes brittle intermetallic
phases, ultimately compromising toughness and ductil-
ity [38]. Using Aly(CoCrCuFeNi)jpo—x (x = 0, 0.1, 0.5,
0.8, and 1.0 in molar ratios) HEAs as a model sys-
tem, Xu et al. demonstrated that increasing Al content
leads to a more negative AHpx (from —3.2 to —4.78
kJ/mol), leading to a structural transition from FCC to
BCC. This increase in negative enthalpy also enhances
phase separation and facilitates the formation of ordered
intermetallics in BCC-rich alloys. Similarly, Kim et al.
reported that prolonged annealing of V15(CoNi)74Mo1g
HEA (AHpix = —9.5 kJ/mol) increased yield and ten-
sile strengths from 504 to 923 MPaand 1027 to 1189 MPa,
respectively. However, after 48 h, the alloy exhibited com-
plete embrittlement due to the formation of 48.2% inter-
metallic phases (M3V and u), leading to catastrophic
brittle fracture in the elastic stage prior to plastic yield-
ing [46]. Based on current experimental and computa-
tional findings, a AHpjx range of —15 to 5 kJ/mol is
favorable for the formation of stable solid solution struc-
tures [14,22,41,47]. However, when A H,ix becomes too
negative, the strong chemical interactions result in high
binding energies between different elements, promoting
the formation of long-range ordered atomic arrange-
ments rather than random solid solutions. As a result,
the alloy system tends to form intermetallic compounds
[14,32]. In addition, Liu et al. found that in a stable single-
phase CoCrFeNi HEA, the addition of Al accelerated
compositional decomposition, leading to the appearance
of a second FCC phase with a different lattice con-
stant in CoCrFeNiAlp; HEA after long-term annealing.
This induced phase separation at intermediate temper-
atures (750°C for 800h), as the Al addition destabi-
lized the metastable CoCrFeNi HEA (—3.75 kJ/mol) [48].

Therefore, the introduction of ‘negative enthalpy genes’
can promote the formation of LCO regions or even inter-
metallic compounds within the alloy, leading to struc-
tural instability. As a result, subsequent heat treatment
processes also play a crucial role.

In summary, the negative enthalpy alloying route,
rooted in atomic affinity and thermodynamic principles,
can serve as a tool for tailoring alloy microstructures
and properties. This approach is effective for optimiz-
ing complex multicomponent alloys [42]. By controlling
AHpjx, a balance between single-phase solid solutions
and multiphase composite structures can be achieved,
introducing multi-scale chemical composition fluctua-
tions. This strategy offers transformative opportunities
for developing next-generation high-performance alloys.
Mechanical performance in metallic materials is fun-
damentally governed by the strength-ductility trade-
off. Since AH,,, influences both phase stability and
microstructural evolution, the next section presents a
statistical analysis of its role in influencing mechanical
behavior in M/HEAs.

2. Influence of enthalpy on strength and
toughness enhancement

The strength and ductility of metallic materials are
two critical mechanical properties. In multi-component
M/HEAs, these properties are also influenced by factors
such as grain size [49,50], precipitates [11,51,52], and
dislocation density [53,54]. Besides these, LCO is a key
structural feature that governs the deformation mech-
anisms of M/HEAs. By introducing structural hetero-
geneity at the atomic scale, LCO enables an exceptional
synergy between strength and ductility [38,55,56]. Based
on the Q parameter formula, it is evident that the design
of alloy composition through enthalpy has a substantial
impact on mechanical properties. Following the stud-
ies, Figure 3 illustrates the relationship between yield
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strength (oy) and the enthalpy of HEAs. By summarizing
and analyzing BCC and FCC single-phase M/HEA sys-
tems with superior mechanical properties, it was found
that as the enthalpy becomes more negative, the oy
of the alloy increases roughly by 10-30 MPa/negative
enthalpy. This indicates that negative AH,,x contributes
to enhancing the overall mechanical properties of the
alloy. However, excessively negative enthalpy values can
also lead to the formation of intermetallic compounds,
causing embrittlement and loss of ductility. Therefore,
within a certain range, negative AH,,;, can improve
yield strength, large values result in the formation of
intermetallic compounds. For instance, in the BCC
(HINbTiV)190—xAlx (x =0, 5, 10, 15) alloy series, the
addition of Al lowers the enthalpy, leading to a gradual
increase in yield strength [38]. In other FCC alloys, such
as VCoNi, which has a more negative enthalpy, mechani-
cal properties can be further enhanced through process-
ing adjustments [46]. As one of the key thermodynamic
indicators, AHp, influences atomic affinity and phase
stability. Materials with negative A H,;y are often used in
their metastable states, rather than in stable equilibrium,
which makes them less unique or consistent in behavior.
As a result, establishing a unified quantitative relation-
ship across various material systems remains a significant
challenge. For example, in the VCoNi MEA, short-time
annealing at temperatures as high as 1000°C can induce
the formation of a metastable x phase, which gradu-
ally disappears with prolonged annealing. The intro-
duction and density control of the coherent x phase
can enhance both strength and ductility of the mate-
rial [43,57]. Currently, efforts have already been made
to establish quantitative relationships in certain specific
material systems. Wang et al. investigated Ni-W-based
HEAs with the addition of Ta, W, Mo, Al, Ni, and Co,
and found that Ta, W, Mo, and Al have significantly more
negative mixing enthalpies with Ni and Co. Correspond-
ingly, Ni-W-based alloys with these elements exhibited
higher yield strength. Using a multiple linear regres-
sion model, they predicted that the yield strength of
HEAs is negatively correlated with AH,,;, [58,59]. Han
et al. designed a series of Cogo—xCragFeyoNiyoAly alloys
(x = 6, 11, 13, 15; hereafter referred to as CCFNA-X).
For reference, the A Hpjx of CoCrFeNi is —3.75 kJ/mol.
With increasing Al content, the A Hy,;, decreased further
(negative mixing enthalpies of —6.57, —8.97, —9.81, and
—10.6 kJ/mol, respectively), and the HEAS’ yield strength
increased from ~ 300 MPa (CCFNA6) to ~ 1000 MPa
(CCFNA15), while tensile elongation dropped from
~35% to ~ 5%. In CCFNA13 and CCFNA15, the forma-
tion tendency of intermetallic compounds became more
pronounced, with the B2 structure replacing the LCF
structure [42]. Therefore, excessively negative AHpix

often results in complex phase structures, favoring
the formation of hard intermetallic compounds. This
enhances the alloy’s yield strength but reduces its duc-
tility [38,60].

Using enthalpy to design alloys not only helps predict
and adjust crystal structures in M/HEAs but also plays a
crucial role in determining mechanical performance. The
enthalpy-based design of HEA compositions not only
enhances mechanical properties but also significantly
influences other performance aspects, such as corrosion
resistance [75], high-temperature strength [76,77], fric-
tion and wear behavior [78], and irradiation resistance
[79]. For example, Wang et al. reported that the addition
of Al to a HINbTaTiZrV BCC HEA resulted in excel-
lent compressive yield strengths of 1392 MPa at 800°C
and 693 MPa at 1000°C [76]. Similarly, Li et al. devel-
oped a non-equiatomic FeNiCoCr HEA exhibits supe-
rior corrosion resistance compared to 316L stainless steel
[80].

2.1. Mixing enthalpy in BCC structural materials

Refractory element-based BCC HEAs have garnered sig-
nificant attention for their exceptional high-temperature
performance, making them promising candidates for
applications in high-temperature structural components,
protective armor, and nuclear materials [81,82]. How-
ever, the inherent hardness and brittleness of BCC HEAs
often lead to premature failure under tensile loading,
limiting research to compression properties. To improve
their mechanical performance, alloy composition can
be tailored through the adjustment of AH,, along
with control over processing techniques, microstruc-
tural design, and the introduction of chemical ordering
[33,65,83]. Figure 4 summarizes advances in BCC sys-
tems via local chemical ordering or phase transitions to
enhance mechanical properties, emphasizing atomistic
structure regulation as a promising strategy.

2.1.1. Local chemical ordering (LCO)

The incorporation of elements with negative AHpix
can induce LCO within the alloy, providing a new
pathway for tailoring mechanical properties. An et al.
introduced the concept of negative AH,,;, solid solu-
tions and designed a series of BCC (HfNbTiV);00—xAlx
alloys (x =0, 5, 10, 15; —12 < AHpjx < 5 kJ/mol).
Their follow-up studies developed a multi-scale het-
erogeneous structure in BCC (HfNDbTiV)ggAljp neg-
ative enthalpy solid solution alloys (AHpix = —9.07
kJ/mol) [38]. When the enthalpy dropped to —12 kJ/mol
((HfNDbTiV)g5Al;5), the alloy achieved a yield strength
of ~1.5GPa, but fractured rapidly after yielding. In
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contrast, HINbTiVAl;y exhibited ~20% tensile ductil-
ity and ultrahigh yield strength (~ 1.39 GPa). The rel-
atively negative enthalpy of Al-(Hf, Nb, Ti, V) atomic
pairs (—39 to —16 kJ/mol) enhanced chemical affinity,
introducing multi-scale chemical composition fluctua-
tions ranging from sub-nanometer to several hundred
nanometers, which improve the strength-toughness bal-
ance. Additionally, a study of refractory high-entropy
alloys (RHEAs) (HfNbTiTa)j00—xAlx (x =0, 5, 10, 12,
and 15) with AH i, values of 2.5, —2.8, —7.5, —9.3, and
—11.7 kJ/mol (Figure 4), respectively, showed that the
(HENDbTiV)gsAlj, alloy achieved 24.5% ductility, while
(HINbTiV)gs5Al;5 lost its plasticity. Microstructural char-
acterization of these alloys revealed the presence of LCO,
confirming that negative enthalpy drives LCO formation.
The multi-scale heterogeneity of LCO disrupts the ran-
domness of solid solution structures, forming chemically
biased negative enthalpy solid solutions [33].

2.1.2. Phase transition

Tuning the composition of BCC HEAs via AHpix
adjustment is an effective approach for achieving a
balance between strength and toughness. By carefully
controlling phase transitions, it is possible to sig-
nificantly enhance toughness while maintaining high
strength. For instance, Guo et al. introduced Ni into
FeCrCoAlTip5 (AHmpix = —16.9 kJ/mol) to design a
new HEA, Nij sFeCrCoAlTigp 5 (AHpmix = —17.6 kJ/mol,
Figure 4) [65]. Enthalpy analysis and simulations
revealed that the addition of Ni promoted an entropy-
driven order-disorder transformation during cooling,
resulting in phase separation. Two distinct phases
emerged: a hard, ordered B2 phase enriched in (Ni,
Co)(Al, Ti), which had a stronger AH iy, and a soft, dis-
ordered A2 phase enriched in FeCrCo, with a weaker
enthalpy. The original FeCrCoAlTiy5 alloy had a com-
pressive strength of ~ 1.19 GPa with negligible plastic-
ity, while the designed Ni; ;FeCrCoAlTiy5 alloy, with
a heterogeneous nanostructure (A2 nanostructure pre-
cipitates (~12.5nm)+ B2 matrix phase), achieved a
compressive strength of ~2.60 GPa and a plasticity of
~15.8%. While high configurational entropy can miti-
gate phase separation in HEAs, strongly negative mixing
enthalpies may still drive compositional segregation. In
particular, Laves-type intermetallics—characteristically
hard and brittle—frequently form under such conditions.
Their formation is governed by electronic parameters
(e.g. electronegativity, valence electron concentration)
and geometric factors (e.g. atomic size mismatch, pack-
ing density), and is often linked to Cr- or Mo-enriched
regions [85-88]. Computational modeling by Yin et al.
predicted that Laves phases in FCC HEAs precipitate
predominantly at lower temperatures (900-1200°C) [89].

Experimentally, Liu et al. observed that Nb addition to
CoCrFeNi alloys induces HCP-structured Laves phase
formation, enhancing yield strength but sharply reduc-
ing ductility—indicating the need for careful control
over the volume fraction and distribution of such brit-
tle phases [90]. Similarly, Cai et al. demonstrated that the
strong negative enthalpy between Niand Zr in CoCuFeNi
alloys promoted the formation of a Ni-Zr C14-type Laves
phase; within a tailored Zr concentration range, a balance
strength-ductility synergy was achieved [91]. This result
reveals that more negative enthalpy values are not always
beneficial; reasonable control of AH,,;, allows for the
prediction and adjustment of phase transitions during
heat treatment, leading to beneficial phase structures that
improve the trade-off between strength and toughness.

2.2. Mixing enthalpy in FCC structural materials

Despite excellent tensile ductility and good processability,
FCC HEAs often suffer from relatively low yield strength,
limiting their broader application. To address this issue,
researchers have explored various strategies, including
compositional design and microstructural control, to
enhance mechanical performance. Notable approaches
include adjusting element distribution, promoting chem-
ical short-range order (CSRO), and forming long-range
Ordering (LRO). Figure 4 shows representative FCC-
based alloys strengthened by local ordering. The calcu-
lated A Hpix values fall within a negative range, support-
ing the link between enhanced properties and ordering
tendencies.

2.2.1. Element distribution tuning

Due to differences in atomic properties (such as size,
mass, and electronegativity), HEAs often exhibit non-
uniform element distribution at the atomic scale [92].
For example, in the CoCrFeMnNi HEA, which has a
mixing enthalpy of AHpix = —4.2 kJ/mol, the substitu-
tion of Mn with larger Pd atoms in CoNiCrFePd HEA
induces significant concentration fluctuations (ampli-
tudes up to 60%, wavelengths 1-3 nm), altering the slip
mechanism from planar to cross-slip, thereby enhancing
work hardening [84]. Calculations show that the AH,y,;x
of CoNiCrFePd is further reduced to AHpix = —5.6
kJ/mol (Figure 4), leading to noticeable elemental fluc-
tuations on the microscale. These fluctuations improve
mechanical properties, demonstrating how composi-
tional changes can introduce concentration fluctuations
that regulate slip mechanisms and hardening behavior.

2.2.2. Long-range ordering (LRO)
LRO refers to the long-range, ordered arrangement of
atoms in a crystalline structure [93,94]. Unlike CSRO,



LRO describes the specific atomic positions within the
lattice, leading to ordered structures. For example, in
the FCC (CoCrNi);go—xTix series HEAs, the high affin-
ity between Ni and Ti (AHpix = —38 kJ/mol) leads
to the formation of Ni3Ti-rich phases, while Cr, with
lower enthalpy, remains non-segregated [72,95]. Fan
et al. designed a (Nij 5FeCoCry5)s7.5Al75Tis HEA with
~2 GPa yield strength and ~16% uniform elongation
(AHpix = —12.8KkJ/mol, Figure 4) [71]. Subsequent heat
treatment induced discontinuous precipitation of LI,
phases (30-40 nm). Due to differences in A H,,;, between
Al Ti, and Ni (AHa; 13 = —30 kJ/mol, AHni1i = —38
kJ/mol, AHnjal = —38 kJ/mol), variations in chemi-
cal affinity resulted in differing elemental concentrations
within the multi-component (Ni, Co, Cr, Fe);(Al, Ti)
L1, phase. The fully coherent, high-density interfaces
between the FCC and L1, phases promote dislocation
movement while preventing dislocation pile-up, facili-
tating long-range dislocation slip. This enhances both
strength and ductility, offering superior mechanical per-
formance.

2.2.3. Chemical short-range ordering (CSRO)

The affinity between elements, as influenced by AH,ix,
can introduce elemental segregation, resulting in CSRO.
CSRO refers to the arrangement of atoms within a few
atomic distances, significantly affecting mechanical prop-
erties, diffusion behavior, and phase stability [96]. In the
VCoNi MEA, AHp,ix = —14.2 kJ/mol (Figure 4), with V
showing strong affinity for Ni and Co (AHyco, = —14
kJ/mol, AHyNi = —18 kJ/mol). This affinity promotes
chemical short-range ordering, as confirmed by Chen
et al. through high-angle annular dark-field (HAADF)
and atomic-scale EDS-Mapping [56]. Analysis showed
that V-V atoms tend to avoid each other, while V-Co and
V-Ni prefer adjacency, driven by differences in enthalpy.
Further process modifications introduced sub-nanoscale
CSRO and a secondary L1, phase, yielding exceptional
properties of 2.0 GPa yield strength and 16% tensile duc-
tility [46]. CSRO thus not only governs microstructural
evolution but also enhances alloy performance, high-
lighting the pivotal role of enthalpy in element affinity
and subsequent material properties.

3. Future perspective of designing HEA using
mixing enthalpy

Composition design has always been an essential aspect
of the materials field, as only with validated design prin-
ciples can one make rational choices regarding elemen-
tal selection and enthalpy adjustment. By fine-tuning
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the AH,,ix, M/HEA compositions can be further opti-
mized to endow the material with superior mechani-
cal properties and complex microstructures. Analyzing
commonly used elements in M/HEAs reveals that in FCC
M/HEAs, enthalpy regulation helps stabilize the FCC
crystal structure, and the addition of elements such as Si,
Ti, Nb, and Al reduces the alloy’s AHy;x (Table 1) [97].
BCC HEAs, characterized by their non-close-packed lat-
tice structure and limited slip systems, often exhibit
constrained plasticity. This limitation is further exacer-
bated by severe lattice distortions arising from the multi-
principal element design, which increases resistance to
dislocation motion. In RHEAs, additional challenges to
ductility result from elemental segregation, intermetallic
formation, and phase separation [98]. Recent advances
in BCC M/HEAs demonstrate that tuning enthalpy to
promote LCO and induce pronounced compositional
fluctuations can significantly enhance work-hardening
capability and uniform plasticity during deformation
[38,64]. In the Ti-Zr-V-Nb-Al system (AH,ix = —5.4
kJ/mol), Ma et al. achieved exceptional tensile ductility
by exploiting the synergistic effects of Zr and Al—both
exhibiting large atomic size mismatch and negative mix-
ing enthalpies—and introducing B2-type LCO [64]. In
BCC M/HEAs, introducing elements with highly neg-
ative AHpjix, such as Al and V, similarly decreases the
mixing enthalpy (Table 2) [97]. Notably, both BCC and
FCC structures exhibit an optimal enthalpy range (—20
kJ/mol < AHpix < —10 kJ/mol) during tensile defor-
mation. An important statistic result is that the ten-
sile yield strength does not continuously improve with
increasing of enthalpy value negativity. Once the enthalpy
drops below a critical threshold, both BCC and FCC
structures tend to display brittle fracture behavior during
tensile tests. Ultimately, the relationship between elemen-
tal chemical affinity and AH,; allows the formation
of composition fluctuations, local ordering, and phase
separation within HEAs, enabling spacious room to con-
trol over microstructure and mechanical properties on a
microscopic scale. Through elaborated negative mixing
enthalpy design and control, appropriate elements can
be selectively introduced to achieve optimal mechanical
properties and microstructural characteristics.

Element addition and compositional adjustments
influence the AH,;y, introducing chemical composi-
tion fluctuations across different scales within the alloy.
The unique effects of HEAs (e.g. high entropy, slow
diffusion, lattice distortion) caused by the multiple-
element systems can effectively regulate the microstruc-
ture [3,99,100]. In M/HEAs, prolonged heat treatments
(aging at 1000°C for 120h) can induce CSRO struc-
tures in CoCrNi MEAs [55]. The introduction of ele-
ments with negative enthalpy increases the likelihood
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Table 1. The values of AH in FCC (kJ/mol).

Cr Fe \Y Co Ni Al Ti Nb Cu Mn Si Mo
v A | 2| -4 -7 |10 -7 | -7 2N 2 N O©
Fe | -1 0 7 1| 2 |11 |17 |-16 SN o SN -2
V|2 |70 [14]-18]-16]| 2 | -1 5 | -1 0
Co| 4 | 1 |14 0 0 |19 | 28 | 25 | 6 5 | =38 | -5
Ni | 7 | 2 |18 | 0 0 | 22 |-38|-30| 4 -8 7 o
Al |10 | 11|16 |19 |22 | 0o [80 |-18| 1 |19 ]| -19]| -5 =
Ti | 7 [a7] 2 [FesV N o0 | 2 9 | -8 4 g
Nb | -7 |16 | -1 |25 |30 | 18 | 2 0 3 -4 125
Cul 12 | 13 | 5 6 1 9 3 0 4 | 19 | 19 _
Negative
Mn | 2 o | 15| 8 EEH s [ 4 4 0 5
Si | -37 | -35 -38 -19 Rie 0 | -35
Mo| o |20 |-5]-7]-5]|4]19 125 5 8] o
Table 2. The values of AH in BCC (kJ/mol).
Nb Hf Ta Ti Zr V W Al
Nb 0 4 0 2 4 -1 -8 -18 P
Hf 4 0 3 0 0 -2 -6 -39
Ta 0 3 0 1 3 -1 =7 -18 >
Ti 2 0 1 0 0 2 | 6 | -30 z
3
z | 4 [ o] 3] o[ o] 4] o aal 2
V -1 -2 -1 -2 -4 0 0 -16 b
W '8 '6 '7 '6 '9 0 O "2 Negative
Al -18 -39 | -18 | -30 -16 -2 0

of forming intermetallic compounds, and the enhance-
ment of annealing temperature and duration may fur-
ther promote the development of short-range ordered
atomic clusters. In multi-principal element alloys, the
incorporation of elements with strongly negative mix-
ing enthalpies drives the solid solution into a metastable
state, amplifying atomic-scale compositional fluctuations
that favor the emergence of SRO. This chemically driven
tendency can be further tuned through post-synthesis
heat treatment, offering additional control over SRO for-
mation. SRO has been experimentally shown to form in
H/MEAs over a broad temperature range of 400-1200°C.
Han et al. investigated the SRO density in CoCrNi MEA
and reported that neither cooling rate nor thermal treat-
ment protocols significantly alter SRO density. Notably,
CoNiV MEA exhibits a substantially higher degree of
SRO than its CoCrNi counterpart. This enhancement
can be attributed to enthalpic interactions arising from
the preferential affinity of V for elements such as Cr,
Fe, or Mn. Vanadium readily forms stable or metastable

intermetallic compounds with Ni and/or Co, thereby
increasing its propensity to induce SRO. From the per-
spective of AH,;,, the incorporation of V drives a
marked reduction in enthalpy to negative values, further
facilitating SRO formation [101]. These findings high-
light the critical role of elemental selection in modulating
SRO formation in HEAs. In contrast, the development of
second-phase precipitates in H/MEAs is largely governed
by thermal treatment, typically within the 600-900°C
range [102-104]. For instance, Xue et al. examined
the phase stability of an Alys5Crg9FeNiy 5Vo, HEA and
identified coherent L1, and semi-coherent BCC pre-
cipitates exhibiting exceptional coarsening resistance at
intermediate temperatures (500-700°C). These obser-
vations indicate the interplay between thermal history
and alloy composition in governing second-phase evolu-
tion [102]. Combined with traditional alloy strengthen-
ing mechanisms, such as grain refinement, precipitation
hardening, and TWIP/TRIP effects [105], these strate-
gies are expected to improve the long-standing inverse



relationship between strength and toughness in alloys.
Despite their attractive properties, HEAs with strongly
negative mixing enthalpies pose significant challenges
in fabrication. Strong chemical affinities between certain
elemental pairs can induce segregation, phase separation,
and the formation of intermetallic compounds during
solidification or annealing. These phenomena compli-
cate phase control and microstructural stability, thereby
requiring precisely tailored processing strategies—such
as vacuum melting, rapid solidification, or advanced
powder metallurgy—combined with non-equilibrium
heat treatments to regulate phase evolution and suppress
undesired transformations. A deeper understanding and
analysis of the negative enthalpy concept will facilitate the
development of novel M/HEAs with superior compre-
hensive performance, significantly influencing the design
of microstructures and the enhancement of mechanical
properties in multi-component alloys.
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