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Lattice distortion in high entropy alloys (HEAs) is an issue of fundamental importance but

yet to be fully understood. In this article, we first focus on the recent research dedicated

to lattice distortion in HEAs with an emphasis on the basic understanding derived from

theoretical modeling and atomistic simulations. After that, we discuss the implications

of the recent research findings on lattice distortion, which can be related to the phase

transformation, dislocation dynamics and yielding in HEAs.
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strengthening

INTRODUCTION

Since first proposed in 2004, high entropy alloys (HEAs) or multicomponent complex alloys, which
comprise at least five different elements in an equal or near-equal atomic fraction, have been
attracting a great deal of research interest (Cantor et al., 2004; Yeh et al., 2004; Ye et al., 2016b;
Miracle and Senkov, 2017). Many attractive mechanical and physical properties were reported
from various HEAs, such as the combined high strength and ductility from CoCrFeMnNi (Li et al.,
2016), the exceptional damage tolerance fromCoCrNi andCoCrFeMnNi at cryogenic temperatures
(Gludovatz et al., 2014, 2016; Zhang et al., 2015b), high ion irradiation resistance (Zhang et al.,
2015a; Yang et al., 2016), and the superb specific hardness from Al20Li20Mg10Sc20Ti30 (Youssef
et al., 2015). At the fundamental level, these promising properties could be attributed to the unique
local atomic structure of HEAs. Due to the mixing of different sized elements in a concentrated
solution, it was once speculated that the constituent atoms in HEAs will be displaced away from
the ideal lattice sites, resulting in an atomic scale distorted lattice or an intrinsic elastic residual
stress field which fluctuates from one atom to another. As a result, local lattice distortion will raise
the energy barrier against dislocation movement, giving rise to solid-solution typed strengthening
in HEAs (Cižek et al., 1974; Gypen and Deruyttere, 1977; Ma et al., 2015). Likewise, local lattice
distortion may also cause sluggish atom diffusion, thereby promoting the thermodynamic stability
of HEAs. In spite of the fundamental importance, however, lattice distortion in HEAs still remains
as an open issue, yet to be fully understood (Pickering and Jones, 2016; Miracle and Senkov, 2017).

To validate the idea about lattice distortion, a number of experiments were proposed
to characterize lattice distortion in HEAs (Yeh et al., 2007; Guo et al., 2013; Tsai and
Yeh, 2014; Yeh, 2015; Owen et al., 2017; Tong et al., 2017). At the first attempt, X-Ray
diffraction was used as the means of characterization (Yeh et al., 2007; Tsai and Yeh,
2014; Yeh, 2015) with the basic assumption that large lattice distortion would reduce the
intensity of diffraction peaks. Although it was shown experimentally that the diffraction peak
intensities did decrease with the increasing number of constituent elements in particular
HEAs (Yeh et al., 2007; Tsai and Yeh, 2014; Yeh, 2015), the proof of lattice distortion
so obtained was later disputed because of the confounding effects from thermal vibration
and crystallographic texture on the diffraction peak intensity (Pickering and Jones, 2016).
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High resolution transmission electronmicroscopy (HRTEM)was
also utilized to characterize lattice distortion (Zou et al., 2014).
However, one should be cautious about the interpretation of
a HRTEM image because a curved atomic plane on it may
not be associated with lattice distortion, which could be also
caused by a strain field around crystalline defects, such as
dislocations. Recently, Owen et al. systematically studied lattice
distortion in Ni, CrNi, CoCrNi, and CoCrFeMnNi through
neutron diffraction (Owen et al., 2017). Although it was shown
that the lattice strain in CoCrFeMnNi is larger than in pure Ni,
however, the magnitude of the lattice strain is not significant and
similar to that in CrNi and CoCrNi. Similarly, Tong et al. also
carried out a quantitatively analysis of the local lattice distortion
in CoCrFeNi, CoCrFeMnNi, CoCrFeNiPd HEAs using the X-
ray total scattering and extended X-ray absorption fine structure
methods (Tong et al., 2017). According to Tong et al. (Tong
et al., 2017), the lattice distortion in CoCrFeNi and CoCrFeMnNi
is very small but becomes larger in CoCrFeNiPd owing to the
relatively large size of Pd. Besides, Guo et al. characterized the
local atomic structure of ZrNbHf using high-energy synchrotron
X-ray and neutron scattering. Interestingly, they found that the
ZrNbHf lattice is strongly distorted (Guo et al., 2013).

Apart from the above experimental efforts, a number of lattice
distortion models (Zhang et al., 2008; Ye et al., 2015, 2016a,
2018) were also developed either on a semi-empirical basis or
in the light of atomistic simulations (Toda-Caraballo et al., 2015;
Oh et al., 2016; Ye et al., 2018) and ab initio calculations (Song
et al., 2017). In conventional alloys or dilute solid solution, lattice
distortion and the resultant residual strain field can be derived by
treating solute atoms as “inclusions” embedded into a “matrix”
made up of solvent atoms (Eshelby, 1956, 1957, 1959). However,
this approach finds difficulties when it is applied to HEAs as there
is no clear distinction between solutes and solvents. As the first
attempt, Zhang et al. proposed to use an atomic size difference
parameter δ to characterize lattice distortion in HEAs, although
only on a qualitative basis (Zhang et al., 2008). In theory, Zhang’s
proposal is based on the notion of the hard spheremodel in which
the atomic size of the constituent elements remains to be constant
during alloying. Alternatively, Ye et al. developed a geometric
model to account for the intrinsic residual strains in HEAs by

FIGURE 1 | The illustrations of (A) a perfect BCC lattice in pure metals and (B) a distorted BCC lattice in multicomponent alloys.

treating their constituent atoms as soft or deformable spheres
which could be stretched out or squeezed in a common lattice
in order to reach a uniform packing efficiency (Ye et al., 2015,
2016a). As a result, a local volumetric strain field arises due to the
change of the atom size. Recently, Ye et al. refined the geometric
model by taking account of atomic displacement (Ye et al., 2018).
In this new model, both volumetric and shear strains are derived
and the model predictions agree quite well with the results of
the first principles calculations. In this work, we would like to
provide a brief overview of the recent advancement with respect
to our understanding of lattice distortion in HEAs and discuss
the implications of these research findings.

DISCUSSION

Hard Sphere Model
In the early HEA literature, the idea of “severely distorted lattice”
was proposed as one of the “four core effects” for HEAs (Yeh,
2015; Macdonald et al., 2017). This idea may be rooted into the
hard sphere model, as schematically shown in Figure 1, i.e., if all
constituent elements keep their original size and are forced into
a common lattice, a severely distorted lattice may result if a large
atom size difference is present. To characterize such an atomic
size effect in HEAs, Zhang et al. proposed to use the following δ

parameter (Zhang et al., 2008):

δ =

√

√

√

√

n
∑

i = 1

ci

(

1− ri/
∑n

j = 1
cjrj

)2

(1)

in which ci is the atomic fraction of element i, ri the atomic radius
of element i and n the total number of constituent elements.
Later, the δ parameter was widely accepted as one of the empirical
parameters to guide the design of HEAs because of the apparently
good correlation between the value of the δ parameter and the
general character of the phases formed in HEAs (Zhang et al.,
2008; Guo and Liu, 2011; Ye et al., 2016b; He et al., 2017), seen
Figure 2. However, the δ parameter fails when it comes to an
accurate estimation of local lattice distortions. According to the
simulation work of Song et al. (2017), the δ parameter tends
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FIGURE 2 | The atom size difference parameter δ vs. the mixing enthalpy

1Hmix for a variety of as-cast HEAs with different phases.

to overestimate the lattice distortion in refractory HEAs while
underestimate those in HEAs with 3d valence electrons. This
may be partly due to the empirical nature of the δ parameter.
Nevertheless, when it comes to ranking different HEAs, it is
somewhat a surprise that the δ parameter performs very well as
it is generally correlated with the HEA alloys of different phases
(see Figure 2).

Soft Sphere Model
In principle, atoms in alloys are deformable in the sense that
charge can transfer among the constituent atoms, leading to
the change in their atomic radii (Magnaterra and Mezzetti,
1971) and therefore the residual strain field inside the alloys.
On a phenomenological basis, such a residual strain field in
conventional alloys can be derived with the classic mean field
model (Eshelby, 1956, 1957, 1959). According to the mean
field approach, residual strains result after “forcing” a solute
atom into a homogeneous elastic “matrix” made up of solvent
atoms. However, this mean field approach is not applicable
directly to HEAs because of the lack of a clear distinction
between solute and solvent atoms in them. Different from the
classic mean field approach, Ye et al. proposed that different
sized atoms should be stretched or squeezed into the lattice
of HEAs in order to achieve a uniform packing efficiency,
as illustrated in Figure 3A. As a result, there is a change in
the atomic radii of the constituent elements relative to their
original sizes, leading to a volumetric residual strain field. This
physical picture differs fundamentally from the hard sphere
model (Figure 1). According to Ye et al. (2015), the lattice
in HEAs is not distorted but well behaved as implied by the
sharp diffraction peaks exhibited by HEAs. However, residual
volumetric strains are developed because of the change in the
atomic radii even through the average residual strain is about
zero. Assuming that the overall packing efficiency of an alloy is
η, the radial residual strain εi surrounding the ith element can be

derived as:

εi =
∑n

j = 1 ωijcj
∑n

k = 1 Aikck
−

4πη̄

Ni
∑n

k = 1 Aikck
(2)

where ωij is the solid angle subtended by an atom j around atom
i, ci the atomic fraction of element i, Ni the coordinate number

of atom i and Aij=
2πxij

(xij+1)
2√

xij(xij+2)
where xij=ri/rj . Since the

average volumetric strain 〈ε〉 =
n
∑

j=1
cjεj = 0, the local residual

strain fluctuation can be quantified as εRMS=
√

∑

ciεi2, where
εRMS is the root-mean-square residual strain and scales with the
density of the elastic strain energy storage. Theoretically, it can
be proved that the lattice of FCC alloys becomes unstable and
could turn into an amorphous structure by fully relaxing the

stored elastic energy if
√

〈

ε2
〉

≥ 1/12 or into another crystalline

lattice by partially relaxing the stored elastic energy if 1/12 >
√

〈

ε2
〉

≥ 0.059. Through the analyses of hundreds of HEAs,

Ye et al. found that single phase solid solution HEAs tend to
form for εRMS < 5%, multi-phase HEAs to form for 5% <

εRMS < 10% while amorphous alloys to for εRMS > 10% (see
Figure 4), which agrees fairly well with the theory. Interestingly,
it was also found that εRMS is correlated very well with the
δ parameter, as seen in Figure 5, which may explain why the
δ parameter is so useful in alloy ranking despite its empirical
nature.

In the soft sphere model developed by Ye et al. (2015),
only atomic size change is considered by assuming that the
individual atoms sit exactly on an ideal lattice. Next, the question
is what if we allow the atoms to move from their ideal position.
This atom movement is a reflection of lattice distortion, as
shown in Figure 1B, which could generate both shear and
dilatational strains, therefore raising the total elastic energy by
an amount 1E1; however, the same atom movement could
also release part of the elastic energy caused by the atomic
size change as previously discussed, say, by 1E2, as seen in
Figure 3B. Physically, one can reason that lattice distortion
becomes generically favorable if 1E1 < 1E2 or unfavorable
if 1E1 > 1E2. To validate the above thinking, Ye et al.
very recently carried out extensive density functional theory
(DFT) calculations on a series of equal-molar binary to quinary
chemical complex alloys (Ye et al., 2018). An ideal FCC
lattice without distortion was firstly constructed by allowing the
atoms to expand or contract in order to reach a local energy
minimum. This lattice is designated as the pristine lattice and
serves as a reference to study lattice distortion. After that, the
“pristine” lattice was allowed to further relax through the atomic
displacement, leading to a distorted lattice as schematically
shown in Figure 3B. Figure 6 displays the simulated atomic
structure of the CoCrFeNi alloy before and after lattice distortion.
As indicate by the red arrows in Figures 6A,B, the “pristine”
lattice exhibit a well-defined FCC structure while notable local
atomic-scale distortions can be seen in the distorted lattice
(Figure 6B). To quantify the local lattice distortion, the strain
tensors at each atomic site can be calculated via the atomic
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FIGURE 3 | The schematics of (A) close packed atoms in a well-defined lattice with volumetric strain (B) close packed atoms in a distorted lattice with volumetric and

shear strains. Note that the color balls represent the original constituent atoms while the dashed circles donate the profile of atoms with residual strains.

FIGURE 4 | The root-mean-square residual strain εRMS for a variety of as-cast

HEAs with difference phases.

displacement field, which show considerably fluctuating local
strains in variousHEAs even though their average values are close
to zero (Ye et al., 2018). To capture the overall effect of such
local strain fluctuations, an effective shear strain γ

eq
i was defined

as:

γ
eq
i =

√

2 (C11 + 2C12)

(C11 − C12)

(

εmi

)2 +
(

γMises
i

)2 +
4 [2C44 − (C11 − C12)]

3 (C11 − C12)

[

(

ε
xy
i

)2 +
(

εxzi

)2 +
(

ε
yz
i

)2
]

(3)

where C11, C12, C44 are elastic constants, ε
m
i the local hydrostatic

strain and γMises
i the von Mises local shear strain invariant,

ε
xy
i , εxzi , ε

yz
i the shear strain components at different directions.

The effective shear strain γ
eq
i is closely related to the local

atomic environment and varies from one atom to another. As
a result, the elastic strain energy change 1Ep induced by shear
displacement can be derived as:

1Ep=
3

4
(C11 − C12)

∑n

i = 1

(

γ
eq
i

)2
/n =

3

4
(C11−C12) γ 2 (4)

where n is the total number of atoms; γ =
√

∑n
i = 1

(

γ
eq
i

)2
/n

is defined as the average equivalent strain. As such, we

obtain 1E1=
3
2 (C11 + 2C12)

(

ε∗RMS

)2 + 3
4 (C11 − C12) γ 2 and

1E2=
3
2 (C11 + 2C12) (εRMS)

2, in which ε∗RMS and εRMS represent
the root-mean-square residual strain in the distorted and pristine
lattice respectively. In theory, lattice distortion is energetically
favorable if the following condition is met:

1E1 − 1E2 =
3

2
(C11 + 2C12)

[

(

ε∗RMS

)2 − (εRMS)
2
]

+
3

4
(C11 − C12) γ 2 < 0 (5)

For a first order approximation, one can assume that ε∗RMS is
correlated linearly with εRMS via ε∗RMS = εRMS−αγ , where α is a
parameter to be determined. Byminimizing the energy difference
(Equation 5), one can obtain the following formula for the critical
effective shear strain for an isotropic system:

γth = 0.485

√

2 (1+ υ)

(1− 2υ)
· δ (6)

where υ is the Poisson ratio. Equation (6) is important, which
correlates the effective shear strain, which measures the degree
of lattice distortion, with the atomic size difference (the δ

parameter) that can be easily calculated for HEAs. Furthermore,
it delivers a strong message that the critical effective shear
strain γth depends not only on the magnitude of atomic size

difference but also on the Poisson ratio of an alloy. Before
moving to the next section, it is worth pointing out that the
pristine lattice structures all display sharp FCC diffraction peaks,
as seen in Figure 7. By comparison, the diffraction peaks of the
distorted lattices look similar to those of the pristine lattices
(Figures 7A,B). However, as lattice distortion, or the value of
the effective strain, increases, the diffraction peak profile of
the distorted lattice exhibits peak broadening and even peak
splitting, particularly so for the high angle peaks (Figures 7C,D).
Furthermore, a careful examination of the diffraction peaks of
both pristine and distorted lattice shows that both lattices share
a similar lattice constant, which is consistent with the recent
finding reported by Song et al. (2017).
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FIGURE 5 | The correlation between the root-mean-square residual strain εRMS and atomic size difference δ for a variety of metallic glass (MG)-forming alloys.

FIGURE 6 | The DFT simulation results of (A) the pristine lattice with an ideal FCC structure and (B) the distorted lattice of the CoCrFeNi alloy.

IMPLICATION

Now let us discuss the possible influence of lattice distortion on
the mechanical and physical properties of HEAs. In principle,

lattice distortion and the resultant residual stress field can interact
with dislocations, thereby leading to significant strengthening
(Oh et al., 2016; Varvenne et al., 2016; Owen et al., 2017). In
conventional alloys with a regular lattice, dislocation movements
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FIGURE 7 | The simulated XRD results of pristine (black dash line) and distorted lattice (red solid line) of (A) FeCo, (B) FeCoNi, (C) FeCoNiCr, and (D) FeCr with a FCC

structure. With the increasing of the average effective shear strain, diffraction peak splitting occurs implicative of lattice distortion.
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FIGURE 8 | (A) Dislocation gliding via kink-pair mechanisms in an ideal lattice. (B) Wavy dislocation gliding in a distorted lattice in chemical complex alloys.

need to overcome the Peierls friction or the lattice stress through
a kink-pair mechanism (Hirth and Lothe, 1982), as illustrated
in Figure 8A. In general, this leads to a rather small activation
volume, on the order of several b3, where b is the magnitude of
burgers vector. However, the dislocation line in a distorted lattice
could be tortuous andwavy because of the presence of an intrinsic
stress field. This is similar to dislocation pinning as it moves
through a forest of obstacles (Figure 8B). According to Wu et al.
(Wu et al., 2016), such a pinning effect is weak and should appeal
to the classic Labusch model, which was developed for the weak
pinning effect of a “forest” of solute atoms on gliding dislocations
(Labusch, 1970, 1972). Compared to the kink-pair mechanism,
dislocation gliding in a highly distorted lattice may involve a large
activation volume, as schematically shown in Figure 8B, which
may affect the strain rate sensitivity and the high temperature
performance of these alloys.

SUMMARY

To summarize, a brief overview of lattice distortion in HEAs was
provided in this work. When alloying different sized elements

into a common lattice, a residual strain field with atomic scale
fluctuation will be induced by the atomic size difference and the

elastic modulus misfit of the constituent elements. The residual
strain field comprises both volumetric and shear components,
which exhibit a large spreading as captured by the recently
developed theoretical model. However, the average value of
the residual strains is very small, resulting in almost a same
lattice constant for both pristine and distorted lattices. The
magnitude of the fluctuation of the residual strains, which
can be deemed as a measure of the lattice distortion, depends
on not only the atomic size but also the Poisson ratio of an
alloy.
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