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A B S T R A C T

We propose a multi-scale physically-based model, for estimating the mechanical properties of a multicom-
ponent alloy by statistically bridging the atomistic (10−9–10−7 m), dislocation (10−8–10−6 m) and macro
(10−6–10−3 m) length scales. We propose a temperature and strain-rate dependent dislocation theory model in
which the velocity of dislocations is controlled by the average distance between barriers for dislocation glide
i.e. the mean free path. The mean free path depends on the estimated distance between lattice distortions
employing an atomistic model, and on the evolving immobile dislocation density as calculated by a modified
Kocks–Mecking model, in which the mobility of dislocations is determined by the material stacking fault
energy. The calculated flow curves and dislocation densities show good agreement with experimental data.
The model relies on physically-based equations and parameters coherent with the literature, without empirical
parameters, thus holding potential to speed up the pre-design phase of High Entropy Alloys for aerospace and
nuclear components.
1. Introduction

1.1. Design of high entropy alloys

Since the 2000s, many exceptional properties of High Entropy Alloy
(HEA) such as fatigue resistance [1], excellent strength/high hard-
ness [2], fracture toughness [3], high chemical [4] and heat resis-
tance [5], thermal stability [6], and electromagnetic properties [7]
have been the subject of increased attention. Nohring and Curtin [8]
indicated that mixing of slightly different atomic sizes leads to distor-
tion in the HEA lattice and slows dislocation activity. This results in
increased strength and ductility and promotes the formation and stabil-
ity of HEA solid solution phases. The lattice distortion results in lattice
resistance to the sliding of dislocations, which leads to strengthening
of the solid solution, and plays an important role in increasing the
yield strength of HEA. Such unique properties of HEA provide a very
wide range of applications for aerospace [9], cryogenic [10], nuclear
industry [11]. This rises the interest and challenges in HEA alloy design
for the development of new HEA with desired properties.

The basic principle behind HEAs is that solid-solution phases are
relatively stabilized by their significantly high entropy of mixing com-
pared to intermetallic compounds [12]. In order to understand the
unique properties of HEA, in 2012 [13] did the first prediction of solid-
solutions phases and estimated the possible crystal structures for HEAs.
In 2016, the work of [14] underlined the importance of the entropy
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conditions in the design of High Entropy Alloys. In order to develop a
systematic procedure to study this class of materials, it is mandatory
to consider their multicomponent nature. Being multicomponent, HEA
alloys have a wide palette of constituent elements, and in situation,
where possible alloy compositions are not limited by equiatomic ratios,
millions of unique alloy compositions are possible. Naturally, the study
of such a vast compositional space of the HEA system and predicting
its properties by trial and error, without a complex, physic-based
methodology, looks unpromising.

The main objective of this research is to aid the design stage of
HEAs by using a ICME framework for predicting the material prop-
erties from its atomistic (10−9–10−7 m), and dislocation configurations
(10−8–10−6 m). Integrated computational materials engineering (ICME)
is an emerging multi-disciplinary field that aims to establish causal
relationships between the material multi-scale structure and properties.

The solution to this important materials science problem lies in the
development of a physical approach, the basis of which is a multi-scale
model that allows combining the experimental database of materials
science and computer simulation methods. This kind of methodology
would significantly reduce the time and improve the quality of HEA
design [12]. Their four core effects A. Rempel (2020) A. Rogachev
(2020): high entropy, sluggish diffusion, severe lattice distortion, and
cocktail effects have been reviewed to facilitate the alloy design strate-
gies for suitable compositions and processes in industrial applications
Yeh (2013).
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Fig. 1. Possible barriers for dislocation motion due to lattice energy changes arising from lattice distortions (left), dislocation defects (right).
The wide range of properties in HEA have led to employing vari-
ous traditional modelling techniques, including Molecular Dynamics,
Monte Carlo, DFT and ab initio methods, statistical physics and dis-
location theory. Recently, new methods have appeared in materials
science, designed for the rapid assessment of the multidimensional
compositional space of HEA alloys. In particular, artificial intelligence
methods such as neural network [15], data mining, cluster analysis,
principal component analysis [16] and statistical analysis [17] also
have been proposed.

1.2. The bridge between scales

In general, the multiscale study and evaluation of the properties
of complex materials involves the use of atomistic models. Regarding
the HEAs design, it is possible to find in the open literature many
papers devoted to the application of atomistic technique combined with
a thermodynamic calculations [18], using Monte-Carlo (MC) [19], or
considering first-principles density functional theory (DFT) [20] and
molecular dynamic (MD) simulations. Unlike the DFT method, molecu-
lar dynamics (MD) strongly depend on the inter-atomic potentials, but
considerably more flexible to capture temperature and micro-structure
effects of nanostructured systems than their DFT counterpart. It is
possible to find in the literature multiscale methods, which involve
the modification of the atoms motion equations coupled with the
mechanical material characteristics for a direct description properties
at high scale level [21]. In order to understand how to set-up equations
in the multiscale methods, it is important to have an overview of the
possible dislocations mechanisms, see Fig. 1. In the left part of Fig. 1
the red dots stand for the equilibrium atomic positions in a bcc solid-
solution alloy with lattice distortion, while the black dots stand for the
ideal positions in an undistorted lattice. The schematic corresponds to
a projection view along the

[

01̄1
]

direction. The big solid circles in
different colours represent individual types of atoms in the alloy [22].
In the right part of Fig. 1 shown possible types of crystal structure
defects. As far as we know, modelling of mechanical properties for
HEA is defined by theoretical concepts about plasticity [23,24]. The
derivation of meso and macro flow curves for different temperatures,
strain rates etc., in function of pure atomistic models is still difficult
in practice and it demands coupling with wide set of macroscopic
properties. On the other end, the use of purely empirical approaches
to predict plasticity, such as the Johnson–Cook model, relies on many
arbitrarily chosen parameters lacking capability for extrapolation.

There is a need for a bottom-up scale approach that can cap-
ture the key deformation mechanisms at lower scales to derive the
2 
proper macroscopic behaviour. Such model also should be able to
predict deformation at different strain rates and temperatures rele-
vant to manufacturing and service conditions, without any arbitrarily
chosen adjustable parameters. In this article we propose a practical
combination of two approaches that allows to obtain the flow curves,
dislocation density and mean free path evolutions depending on various
conditions: strain rates, temperatures, concentration, etc. This multi
scalable approach is using an interatomic potential model at the lowest
level, and dislocation theory at meso scale level, in order to derive
the mechanical properties of HEA alloys at the macro scale. The mean
free path is a characteristic distance that plays a key role in plasticity,
because it determines the likelihood of a gliding dislocation to en-
counter obstacles in its movement such as subgrains, grain boundaries
or precipitates in various metallic alloys (e.g. [25]). In our article,
it is assumed that the mean free path reduction is due to the local
atomic energy barriers related to lattice distortion in HEAs. We derive
the mean free path distance from the results of an stochastic atomic
model of random HEA alloy. In our calculation of the evolving mean
free path, we also consider the evolution of the dislocation density,
which generally increases with strain and further hinders dislocation
movement. Thermally activated processes are particularly relevant for
the design of alloys for advanced nuclear applications, where HEAs
have showed promise [26]. For example, during irradiation damage
in nuclear materials, where the evolution of dislocation loops play
key role, the change of slip system of the screw component of the
dislocation loop requires dislocation climb [27]. This can impact the
performance under service conditions, since dislocation climb requires
diffusion to occurs and diffusion is know to be sluggish in HEAs due to
lattice distortions. For thermal activated processes, such as dislocation
climb which requires diffusion, we assume an Arrhenius relationship,
whereas for dislocation glide, we assume that the motion is controlled
by the mean free path. We further include the effect of the material
stacking fault energy, which plays a crucial role in deformation and
will be explained in more detail in later sections.

2. The atomistic model

During crystallization from the melt, the atoms of the HEA are
packed into simple crystalline structures, where atoms of different
types are located randomly in the lattice nodes. In this case, from the
point of view of the classical theory of alloys, the HEA is a disordered
substitution solid solution. This means applying tools of classic metal
alloy theory for calculating the configuration entropy term in Eq. (1)
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of such an multi-component alloy would become an insurmountable
problem.

This process would involve: (1) introducing order parameters (Short
Range Order, SRO, and Long Range Order, LRO) which are related
o probabilities 𝑃𝑛 in Eq. (1), (2) derivation of free energy of Eq. (1)
y order parameters and (3) finding the equilibrium values of order

parameters solving the system of non-linear equations. Even for only
two components alloy. this process becomes already a very tedious
mathematical process.

For this reason, we propose a model where we calculate all the
possible atomic configurations (e.g. Ni-Ni, Ni-Fe, etc.) using pair po-
tentials. Then we estimate the distribution of the energy of the alloy
using a random positioning of the atoms in the lattice, considering the
possible configurations up to the 3rd coordination sphere. In the next
subsections, we introduce (1) the methodology that would be required
to solve for the configuration entropy problem (not employed here),
nd (2) we describe the proposed random alloy model in more detail.

2.1. Configuration entropy of HEA solid solution

The temperature-concentration dependencies of the physical prop-
rties of ordering alloy are determined by changes in the order param-
ters included in the entropy term of the free energy Eq. (1). Recent

experimental studies have shown the presence of SRO in various HEA
amples [28,29]. However, the interpretation of direct experiments

to determine the short-range order parameters in HEA alloys remains
a difficult task due to the temperature effect of lattice distortion,
which leads to an anomalous decrease in peak heights. The difficulty
results from resolving the spatial extent of the ordering when averaging
over a large region of material and the diffusive nature of the local
ordering [30]. It is worth to be noted, in the case of a multicom-
ponent HEA taking into account the calculation of the equilibrium
ntropy 𝑆, the theoretical approach became extremely complicated.
his can be said about applying of any methods, that are used for
his problem, such as the method of concentration waves [31], the

theory of ordering of solid solutions [32], and most widely used the
luster expansion method [7]. For example, the serial fit of cluster
xpansion in multicomponent crystalline solids, need many terms and
t the same time, the number of terms grows rapidly with the diameter

of the cluster. As additional terms are added, the series coefficients
ay converge poorly given limited number of configurations [7]. As

ightly noted in [11], the calculation of the entropy configuration in the
case of an HEA alloy became difficult even due to the interpretation of
temperature (difficulties is that associated with evaluating the influence
of the entropic term on the Gibbs free energies of solid solutions). In
a broad sense, the entropy and number of elements factor, which is
believed to underlie the mechanical properties of HEA alloys, remains
an area of active research and debate. For example, according to [3,33],
high entropy configuration allows an ex post explanation of why a solid
solution forms, but it is unhelpful as a priori predictor of thermody-
namic stability and a clear dependence of mechanical properties on the
number of elements [34].

The main feature of HEAs is the formation of a single-phase ther-
odynamically stable substitutional solid solution, often fcc or bcc

attices [35]. However, interactions of solute components provide ther-
odynamic driving force for the non-random occupation of atomic

positions. It leads to arise ordering in the nearest surroundings of alloy
toms. By minimizing the entropy of the free energy of the alloy by the
robabilities of filling the lattice sites, it is possible to describe the most
robable structures of the alloy.

The statistical thermodynamic approach for solid solutions [31,32]
ses a complete description of such ordering, taking into account its
tructural and concentration characteristics. The definition of the free
nergy of a solid solution alloy, which depends on the value of the
3 
radius vectors of the alloy atoms 𝑟𝑖, can be written as [30,31,36,37]:

𝐹 = 𝑈 (𝑉 (𝑟1), 𝑉 (𝑟2)...𝑉 (𝑟𝑛)) − 𝑘𝐵 ⋅ 𝑙 𝑛(𝑊 (𝑃1(𝑟1), 𝑃2(𝑟2),… , 𝑃𝑛(𝑟𝑛))) ⋅ 𝑇 (1)

where first term 𝑈 (𝑟1, ⃗𝑟2... ⃗𝑟𝑛) is the energy of alloy. The term 𝑆 =
𝑘𝐵 ⋅ 𝑙 𝑛(𝑊 (𝑃1(𝑟1), 𝑃2(𝑟2),… , 𝑃𝑛(𝑟𝑛))) is the configuration entropy of the
alloy, where 𝑊 is the statistical weight, and 𝑃𝑛(𝑟𝑛) is the probability of
the crystal lattice nodes occupation [30,31,36].

Pair interatomic potentials 𝑉𝐴(𝑟𝐴), 𝑉𝐵(𝑟𝐵) and 𝑉𝐴𝐵(𝑟𝐴𝐵) of (two)
component 𝐴 and 𝐵 alloy, define the energy of the alloy 𝑈 (𝑉 (𝑟1),
(𝑟2)...𝑉 (𝑟𝑛)) [7,19]. Different type of pair potentials can be obtained

directly from ab initio calculations [38,39], or fitting experimental data
in case of model potentials, such as Leonard-Jones potential [40], Mie
potential and Morse potential [41,42]. Pair potentials of mixed compo-
nents 𝑉𝐴𝐵 can be calculated using the Lorentz–Berthelot rules [40] or
ther rules [43].

In our study, we do not consider configuration entropy of the alloy
t the atomic level, see Eq. (1). Instead, we take into consideration

all changes associated with alloy structure and temperature indirectly,
within the framework of the dislocation theory. For calculation, we
se only the energy of the alloy as its basic characteristic at the
owest level of consideration, which does not depend on temperature.

Although it does not allow us to completely determine the ordering
onditions and structural features at the atomic level, the transition to
 continuum level makes possible to describe a wider range of physical
henomena affecting mechanical properties, such as the decomposition
f a solid solution and the presence of precipitates and inter-metallic

phases [44–47], that is impossible within the atomistic approach.

2.2. Random alloy model

Since we do not consider the configuration part of entropy and the
rdering associated with it, we adopt a simplified model that assumes
andom filling of lattice nodes. The potential energy of structure per
tom in random alloy model can be written [7,19]:

𝑈 (𝑟1, ⃗𝑟2... ⃗𝑟𝑛) = 1
2

𝐼
∑

𝑖=1
𝑀𝑖

∑

𝛼 𝛽
𝑃𝛼 𝛽𝑉𝛼 𝛽 (∣ 𝑟 ∣) (2)

where 𝑀𝑖 is number of atoms in the 𝑖𝑡ℎ coordination sphere. The
probability of occupation of any individual lattice node by a type solute
is proportional to concentration alloy component 𝐶:
∑

𝛽
𝑃𝛼 𝛽 = 𝐶𝛼 (3)

In this model, we do not take into account the effect of temperature on
he energy of the alloy, since the pair potentials 𝑉𝛼 𝛽 (𝑟𝛼 𝛽 ) are assumed

to be independent of temperature. Such accounting requires additional
ssumptions [42]. An example of the pair interaction and the relation-

ship between the energy barriers and the free path dislocations is given
in Fig. 2. An important parameter of the calculation by the formula
q. (2) is the distance between of the nearest atoms ∣ 𝑟𝑖𝑗 ∣, which is

proportional to the lattice parameter 𝑎𝑙 𝑎𝑡𝑡𝑖𝑐 𝑒. Lattice distortions in the
HEA affect the value of the lattice parameter, as shown in [48], up
to 5%. This affects the alloy energy estimation, which can also vary
lightly. In the calculations based on Eq. (2) we used the value of
attice parameter [49] and Morse type pair potentials [42] which are

short-range, see Fig. 3. These potentials rapidly decay after the second
coordination sphere and do not have spatial orientation of the bond. To
obtain the potentials of mixed components (e.g. Fe-Ni) in the case of a
HEA alloy, we used combination rules [43]. In the random alloy model,
described in Eq. (2), instead of a single value of the alloy energy, we
get this Gaussian distribution, whose characteristics are associated with
the possible atomic configurations in the alloy, an example is given in
Fig. 1.

In our random alloy model, we use the pair-potentials (see Fig. 3)
to calculate the energy of nodal position in the lattice up to the 3rd
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Fig. 2. Left: Square 2D lattice with effective pair interaction highlighted. Equivalent interacted pairs (same distance)correspond to the 1st (blue), 2nd (yellow), 3rd (green), 4th
(pink) and 5th (red) neighbours respectively. Right: Schematic representation of the mean free path distance between selected energies of lattice clusters.
Fig. 3. Pure [42] and mixed [43] Morse potentials of alloy component. The positions
of the first three coordination spheres are marked by arrows.

Fig. 4. The distribution of energies values of local lattice configurations in the
FeCoCrNi HEA alloy calculated by the random alloy model. This distribution lays
within the energy range of typical structural defects; such as dislocation energy [50–
54], dislocation core energy [53], dislocation interaction energy and dislocation slip
energy [55], dislocation kink energy [23,56], cross-slip activation energy [8], SFE
energy [57], and diffusion energy [58–60].

coordination sphere (see left Fig. 2). The results of these calculated
energies are shown as data points in Fig. 4. More details will be given
4 
in the results section. To obtain the Gaussian distribution we will use
the method described by [8] :

𝑃 (𝐸𝑎𝑐 𝑡) = 𝐴 ⋅ ∫

𝐸𝑎𝑐 𝑡
−∞

𝑒
− 1

2 ⋅
(𝐸+𝐸𝑎𝑣𝑔 )

𝑤0

2

𝑑 𝐸 = 1
𝑁

(4)

where 𝑁 represents the number of segments between barriers,against
dislocation motion, along a long dislocation [8]. The compositional
disorder in random multi-component alloys leads to local changes in in-
teratomic distances and corresponding changes in lattice configuration
energies. The fluctuations of interatomic distances, and their asso-
ciated lattice configuration energies, in multicomponent alloys have
been studied by means of Monte Carlo simulations containing 2000
atoms [48], and by the Embedded Atom Method (EAM) [8]. These local
energies changes would result in a heterogeneous effective mean free
path. We do not consider these it is beyond the scope of our study. In
our work, we are interested in the averaged macroscopic mechanical
properties, and therefore use the averaged mean free path.

The Gaussian distribution in Fig. 4 is characterized by the distribu-
tion parameters 𝐴, 𝐸𝑎𝑣𝑔 , 𝑤0. Following the logic in [8] and Eq. (4), we
can estimate the averaged distance between energy barriers due to local
lattice distortions in our HEA alloy. The distance between barriers 𝑑 is
related to the size of the atomic cluster 𝐿, with energy 𝐸𝑎𝑐 𝑡 divided
by the probability 𝑃 (𝐸) gives us the distance between these atomic
configurations previously calculated with formula (2):

𝜆𝑙 𝑎𝑡𝑡𝑖𝑐 𝑒 = 𝐿

𝐴 ⋅ ∫ 𝐸𝑎𝑐 𝑡
−∞ 𝑒

− 1
2 ⋅

(𝐸+𝐸𝑎𝑣𝑔 )
𝑤0

2

𝑑 𝐸
(5)

The distribution in Fig. 4 represents a set of possible values of the
energies of FeCoCrNi HEA alloy, which magnitudes can be correlated
with various types of spatial defects in the crystal lattice. In order to
calculate this distance, 𝜆𝑙 𝑎𝑡𝑡𝑖𝑐 𝑒, from Eq. (5) we only need to choose
one integration parameter 𝐸𝑎𝑐 𝑡, since every other parameter has already
been calculated in our model.

3. Dislocation theory model

Multiple crystal plasticity finite element models (CPFEM) have been
used to describe plastic deformation in viscoplastic materials for a
range of metallic alloys. CPFEM models rely on (1) the material con-
stitutive equations at the grain level and (2) building a Representative
Volume Element (RVE) of grains to study local plastic effects, such as
strain localization between grains. To cite a few of many, these CPFEM
models have been employed to study intergranular stresses [61,62],
deformation twinning [63], high temperature deformation [64–66],
grain boundary stress [67–69], fatigue crack initiation [70], fatigue
crack propagation [71], void growth [72], strain path changes [73–
75] and the effect of precipitates [76]. CPFEM can also be employed
to study the effect of grain morphologies on deformation following
additive manufacturing [77,78]. This can further contribute to the
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design of tailored micro-structures for optimum mechanical perfor-
ance, through varying process parameters (e.g. power, build speed

and path) in increasingly emerging techniques such as additive manu-
acturing [79]. Here, we focus only on the physically-based constitutive

equations to describe the plasticity at the crystal level because our aim
s the design of HEAs based on the mechanical macroscopic proper-

ties, rather than investigating local plasticity effects. Physically-based
pproaches for various metal alloys, without the requirement of finite
lements, have been used to successfully predict deformation [80,81],

creep damage [82,83] or particle size distributions in precipitation-
strengthened alloys [84]. A CPFEM version of our proposed model can
by readily built by incorporating these equations at the crystal level
and building a RVE, as per the previously cited CPFEM studies. We
obtain the averaged behaviour of the entire polycrystalline material
via the Taylor factor, m, which is a common practice. For randomly
oriented face-centred and body-centred cubic metals, 𝑚 ≈ 3. The goal
is transforming the global stress into the shear stress in the local crystal
ystem. This approach relies on averaging the stress over the grains and
onsidering the most-favoured slip systems.

In order to develop a new multi-scale approach capable of identify-
ing conditions for optimal design for HEAs, it is necessary to establish
he material constitutive equations. These are briefly described here
nd detailed in the next sections. The velocity of a dislocation is in-
luenced by the applied stress, temperature and the microstructure. We
ropose a viscoplastic strain-rate and temperature dependent model,
here the dislocation density evolution is given by [85]. In our ap-
roach, the temperature dependency is controlled by the thermally
ctivated deformation via Arrhenius expression. We further consider
he tendency for cross-slip, associated to the SFE-dependency on tem-
erature. This approach can be applied for any metal beyond HEAs,
s long as the SFE-dependencies on temperatures and mean free path

distances are experimentally known or reasonably estimated. In high
SFE metals, dislocation glide is promoted, due to the lack of strong
tacking fault barriers. Here, we focus on cross-slip the mechanism be-
ause it plays an important role in the evolution of work hardening and
islocation structuring in metals [8]. Other mechanisms are also SFE-

dependent, such as dislocation climb or dynamic recovery leading to
faster rearrangement and annihilation of dislocations. However, these
are already taken into account via the thermally activated velocity of
dislocations in Eq. (7). We use the estimation of lattice mean free path
estimations, 𝜆𝑙 𝑎𝑡𝑡𝑖𝑐 𝑒, calculated from the atomistic model presented in
earlier sections, to feed into the dislocation mean free path estimated
from the dislocation density. The SFE is the most crucial intrinsic
property to determine the deformation mechanism and to optimize the
mechanical properties of FCC HEAs. When designing HEAs, it is crucial
to know the SFE. In our work, we take the SFE and elastic properties
of the studied FeCoCrNi alloy from experimental observations [86].
However, these material properties can be predicted from models based
on first principles [87] and data-driven machine learning [88], bringing
further promise for the design stage of HEA.

3.1. Physically-based viscoplastic model

The relationship between flow stress, temperature, and applied
train rate is influenced by the energy required for dislocations to
vercome barriers during slip. The size of these energy barriers deter-
ines the dependence of flow stress on temperature and strain rate.
n applied resolved shear stress 𝜏 produces a force 𝜏 𝑏 per unit length
f the dislocation line. Let the spacing of the obstacles along the line
e 𝑙, so that the applied forward force on the line per obstacle is 𝜏 𝑏𝑙.
hen, the mechanical work when moving the dislocation a distance d
ia thermal activation is 𝜏 𝑑 𝑏𝑙. The activation volume has been proposed
henomenologically as 𝑉 ∗ = 𝑑 𝑏𝑙 [89]. By taking the distance swept

by the dislocation, 𝑑, as the magnitude of the Burger’s vector, 𝑏,
the activation volume becomes 𝑉 ∗ = 𝑙 𝑏2 and the mechanical work
becomes 𝜏 𝑉 ∗. In this context, the Helmholtz free energy change is the
isothermal energy change to overcome an obstacle. This is the total
5 
energy required to move the dislocation, but part of this energy is
provided in the form of mechanical work done by the applied load on
the dislocation line. Therefore, the Gibbs free energy change between
two states at the same temperature and applied stress is:
𝛥𝐺 = 𝛥𝐹 − 𝜏 𝑉 ∗ (6)

where 𝛥𝐹 is the Helmholtz free energy change and 𝜏 is the net stress
acting on the dislocation (see for example [90]). When considering the
ctivation energy for dislocation motion in metals, the entropy term
s generally believed to be relatively small compared to the enthalpy
erm and it is common to simplify the equation by neglecting the
ntropy term [91–93], thus 𝛥𝐺 ≈ 𝛥𝐻 . Additionally, the Helmholtz

free energy is associated with the total activation energy, Q, required
for the dislocation mechanism to occur e.g. dislocation glide climb or
ink [94]. Thus Eq. (6) becomes:

𝛥𝐻 = 𝑄 − 𝜏 𝑉 ∗ (7)

where 𝛥𝐻 is the free enthalpy for dislocation motion associated with
thermal fluctuations and 𝜏 𝑉 ∗ is the work carried out by the stress
field. The probability of energy 𝛥𝐻 occurring by thermal fluctuations at
temperature T is given by the Boltzmann factor 𝑒𝑥𝑝(−𝛥𝐻∕𝑘𝑇 ), where
𝑘𝐵 is the Boltzmann constant. The dislocation is effectively vibrating
at the atomic frequency, or the Debye frequency, [95]. Assuming the
distance moved for each obstacle overcome is the magnitude of the
Burgers vector, the velocity of the dislocation, 𝑣, will be determined
by the rate at which the dislocation successfully overcomes barriers as:

𝑣 = 𝑏𝜈𝐷𝑒𝑥𝑝
(

−𝛥𝐻(𝜏)
𝐾𝑏𝑇

)

(8)

The movement of a dislocation is often hindered by obstacles in the
attice. Overcoming an obstacle often requires dislocation climb, which
equires interstitial diffusion to occur. Climbing and diffusion are pro-
oted at high temperatures and hence the proposed relationship be-

ween dislocation velocity and temperature via Arrhenius equation.
hen substituting Eq. (7) into Eq. (8) it is possible to obtain:

𝑣 = 𝑏𝜈𝐷𝑒𝑥𝑝
(

𝜏 𝑉 ∗ −𝑄
𝐾𝑏𝑇

)

(9)

The exponential term in Eq. (9) has been proposed to be also propor-
tional to the velocity of glide of jogged dislocations [96], thermally
activated unpinning of dislocations [97], as well as for thermally
activated dislocation glide [98], kink and jog motion [99,100]. In the
ormer, jog segments act as pinning points for dislocation motion,
nvolving a combination of dislocation glide and climb, where the
inning distance between dislocation jog segments (i.e. mean free path)
ontrol the dislocation motion. For all these mechanisms, plastic slip is
ssumed to be driven by the resolved shear stress on the slip system.
he effective stress in Eq. (9) is defined by:

𝜏 = 𝜏𝑎𝑝𝑝𝑙 𝑖𝑒𝑑 − 𝜏𝑑 𝑟𝑎𝑔 − 𝜏𝑓 𝑜𝑟𝑒𝑠𝑡 (10)

where 𝜏𝑎𝑝𝑝𝑙 𝑖𝑒𝑑 and 𝜏𝑑 𝑟𝑎𝑔 are the applied and drag stress associated with
the internal stresses arising from obstacles. The shear stress required
to overcome forest dislocations in secondary slip systems is determined
by 𝜏𝑓 𝑜𝑟𝑒𝑠𝑡. The drag shear stress is the controlling mechanism for glide
i.e. the larger this distance the easier the dislocation glide. The shear
stress for dislocation glide through an array of obstacles was proposed
as [101]:

𝜏𝑑 𝑟𝑎𝑔 = 𝛽 𝐺 𝑏
𝜆

(11)

where 𝐺 is the shear modulus, 𝜆 is the mean free path and 𝛽 is a
dimensionless constant, 0 ≤ 𝛽 ≤ 1 [102] determining the average
strength of the pinning points. By using the Taylor flow stress equa-
tion (substituting 𝜆 =

√

(𝜌𝑓 𝑜) in Eq. (11)), 𝛽 has been estimated as
≈0.3 [103]. Theoretical and experimental studies in F.C.C crystals,
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suggest that 𝛽 ≈ 0.35 ± 0.15 for forest dislocation junctions [104]. This
xpression has been the basis for multiple studies thereafter, such as
n early computational study on the movement of dislocations loops
hrough arrays of obstacles, which is relevant to irradiation harden-

ing [105]. We use this approach to calculate the stress resistance by
forest dislocations to calculate 𝜏𝑓 𝑜𝑟𝑒𝑠𝑡 by considering the evolution of
the calculated forest dislocation population. According to the Orowan
relationship, the equation for shear strain rate is proportional to the
velocity for dislocation glide:

𝛾̇ = 𝜌𝑚𝑜 ⋅ 𝑣 ⋅ 𝑏 (12)

where b is the Burger’s vector magnitude and 𝜌𝑚𝑜 is the mobile dislo-
ation density. A Taylor constant M = 3, has been used accordingly
o relate both sets of coordinates (𝜖̇ = 𝛾̇∕𝑀 ; 𝜎 = 𝑀 𝜏). Although

alternative constitutive equations for plasticity are possible, our focus
is to integrate; (1) the effect of dislocation barriers arising from lattice
distortions in HEAs (2) the dislocation density evolution on the mean
free path distance between dislocations and, (3) the effect of the
stacking fault energy on deformation. This will be covered in the next
sections.

3.2. Dislocation density evolution

As plastic deformation takes place, there exists a competition be-
ween work hardening (associated with the storage of dislocations) and
ork softening (associated with the annihilation of dislocations). In
953, Cottrell described work hardening as a ‘spectacular phenomenon’
nd remarked that ‘this was the first problem to be attempted by
islocation theory and may be the last to be solved’ [106]. Despite work
ardening being a major subject of research efforts and discussions

at international conferences in the 1950s and 1960s, we are far from
 unified theory to fully explain it [107]. Kocks and Mecking [85]
roposed a model, the Kocks–Mecking (K–M), to capture the evolution
f the immobile dislocation density (see also [108]). This model was
irst extended to capture the strain-rate and temperature dependencies,
eing able to convert stress–strain data into creep curves without any
djustable parameters [109]. In our approach, we propose a modified

K–M viscoplastic strain-rate and temperature dependent model, con-
trolled by the SFE-dependency on temperature (as shown later), where
the immobile dislocation density evolution was expressed by the K–M
model as:

𝑑 𝜌𝑖𝑚 = (𝐴 ⋅
√

𝜌𝑖𝑚 − 𝐵 ⋅ 𝜌𝑖𝑚)𝑑 𝛾 (13)

where A and B are parameters associated to the generation and an-
nihilation of dislocations respectively. The term 𝜌𝑖𝑚 represents the
immobile dislocation density. Only some dislocations are mobile and
hus contribute to plastic deformation. Dislocation on secondary slip
ystems or forest dislocations can also hinder plastic deformation, effec-
ively acting as immobile. However, as seen earlier, forest dislocations
re treated as a population of dislocations that give rise to a lattice
esistance stress and thus not included within the immobile dislocation
ensity due to the more complex nature of interactions such as jogged
islocations. The immobile dislocation density represents dislocation
opulations that can pin movement in the primary slip plane. This
ncludes dislocation tangles, stacking faults or other interactions with
hockley partial dislocations, such as stair-rod [110] or Lomer–Cottrell

locks [111,112]. The overall total dislocation density, across all slip
ystems, is thus defined as:

𝜌𝑡𝑜 = 𝜌𝑖𝑚 + 𝜌𝑚𝑜 (14)

where 𝜌𝑡𝑜, 𝜌𝑖𝑚 and 𝜌𝑚𝑜 are the total, immobile and mobile dislocation
densities respectively. Our model is based on the work of Kubin and
strin [113] who first proposed to introduce two dislocation densities
n their model: the immobile and the mobile. As for the dislocation
haracter, some of the multiple proposed material constitutive models
 a

6 
in the literature can distinguish the evolution of screw and edge disloca-
ion components of the dislocation density [71,114]. Here, we consider

the bulk dislocation density only, firstly for simplicity and secondly, for
the difficulty associated to experimentally validate the screw and edge
component populations.

The dislocation densities described in the above equations, 𝜌𝑡𝑜, 𝜌𝑖𝑚,
𝜌𝑚𝑜, refer to the dislocations contained in the bulk of the material
i.e. across all slip systems. In dislocation theory, latent slip systems have
traditionally been referred to as slip systems different to the primary
slip system where plastic deformation is being studied. Mobile and im-
mobile dislocations on latent (or secondary) slip systems are considered
forest dislocations that can act as obstacles. Therefore, only the mobile
dislocations on the primary slip system contribute to deformation (12).

he relationship between the mobile dislocation density in a single slip
ystem and the bulk mobile bulk dislocation density, 𝛼, will be:

𝜌𝛼𝑚𝑜 =
𝜌𝑚𝑜
𝑛

(15)

with 𝑛 being the total number of slip systems. Similarly, the forest
dislocations hinder plasticity and include the immobile dislocations
contained in the primary slip system and the total dislocation density
in other (secondary) slip systems. Since we are using the Taylor factor
to transform local to global coordinate systems, we assume that all
slip systems have the same dislocation densities. The forest dislocation
density is therefore defined as:

𝜌𝑓 𝑜 = (𝑛 − 1)𝜌𝛼𝑡𝑜 + 𝜌𝛼𝑖𝑚 (16)

where 𝜌𝛼𝑡𝑜 and 𝜌𝛼𝑖𝑚 represent the total and immobile dislocation density
in slip system 𝛼. Although the proposed model statistically aims to
capture the effect of forest dislocations, it is important to recognize
that the details of these interactions can be complex. For example, a
liding dislocation that finds another jogged dislocation, where at least

one of the two dislocations has screw character, is a thermally activated
process that requires stress [111].

3.3. Dislocation mobility dependency on the stacking fault energy

It is essentially impossible to experimentally determine ratio be-
tween mobile and immobile dislocations. This applies for an annealed
metal as well as for a heavily deformation metal. As the mobility of
dislocations is also temperature dependent, this ratio is defined in the
bsence of thermal activation (0 degrees Kelvin). The ratio between
obile and immobile dislocations at the can be conveniently defined

s:

𝑅 =
𝜌𝑚𝑜
𝜌𝑖𝑚

(17)

The mobile dislocation density equals the immobile dislocation density
when R = 1. The evolution of the mobile dislocation density with
strain was proposed by Barlat et al. [80] as a dependency on the
evolution of the dislocation mean free path. This dependency of the
dislocation density evolution with the MFP is also present in our model
(Eqs. (11), (9) and (13)) The immobile dislocation density has been
roposed to be linearly dependent on Stacking Fault Energy [115,116].

This relationship is based on the profound effect that SFE has on
plastic deformation [107]. Screw dislocations in materials with high
SFE tend to readily cross-slip to different slip planes, facilitating plastic
deformation [117]. This can greatly enhance the material ductility and
deformation capacity. In materials with high SFE, the shorter distance
between two Shockley partial dislocations allows easier association of
partial dislocations, which is a geometrical requirement for cross-slip.
Conversely, a material with low SFE is associated with an increased
endency for the formation of deformation twins [118] and planar
efects such as stacking faults in crystalline materials. Twinning is a
ommon experimentally observed deformation mechanism in materials
ith low SFE values. In the context of HEAs, twinning has also been
ttributed to the relatively low stacking fault energy (20–25 mJ/m2)
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of a CrMnFeCoNi alloy [3], which is perhaps the most studied HEA
lloy at cryogenic temperatures due to its outstanding combination
f strength and toughness [119]. In materials with low SFE, disloca-

tions are less likely to cross-slip, and they tend to remain on their
original glide planes. This can lead to a higher resistance to plastic
deformation and result in materials that are stronger but less ductile.
Atomic models [120], supported by creep data of more than thirty
metals and alloys [121], suggest a relationship between the strain rate
nd the SFE as 𝜖̇ ∝ (𝛾𝑆 𝐹 𝐸∕𝐺 𝑏)3. Argon and co-workers [115,116]
ave proposed the mobile dislocation density to be proportional to

the SFE as 𝜌𝑚𝑜 ∝ 𝛾𝑆 𝐹 𝐸∕𝐺 𝑏. With increasing temperature, b and G
have been experimentally observed to slightly increase and decrease
respectively in many metals and alloys, including CrMnFeCo alloy [86].
For simplicity, we reasonably assume the changes of the product Gb
are small when compared to the change in SFE. Experimentally, it has
been observed that SFE increases with temperature for various metallic
alloys e.g. [122], [123], including CrMnFeCo [86]. In our approach we
assume that the ratio of mobility increases linearly with the increasing
SFE. Based on the above, we define the ratio of the dislocation mobility
as:
𝛾𝑆 𝐹 𝐸
𝛾0

=
𝜌𝑚𝑜
𝜌𝑖𝑚

(18)

where 𝛾0
𝑆 𝐹 𝐸 is the stacking fault energy at 0𝐾 and 𝛾

𝑆 𝐹 𝐸 is the stacking
fault energy at the actual temperature of the material. It should be
oted that, while this linear expression aims to reasonably capture the

overall effect of the SFE on the mobility of dislocations, other more
complex relationships between dislocation mobility and SFE may be
eeded to describe hardening, particularly during recovery. For exam-
le, mobile dislocations, which motion is SFE-dependent, can unlock

Lomer–Cottrell locks in stage III hardening or annihilate Orowan loops
nd edge dislocations (via dipole trapping) in Stage IV hardening [112].

Combining (14) and (18), we obtain a relationship of the evolution of
immobile dislocations as a function of the total dislocation density:

𝜌𝑖𝑚 =
𝜌𝑡𝑜𝑡𝑎𝑙

1 + 𝑅
𝛾𝑆 𝐹 𝐸
𝛾0𝑆 𝐹 𝐸

(19)

The SFE for the CoCrNiFe alloy has been estimated to be 𝛾77𝐾𝑆 𝐹 𝐸 =
13 mJ∕m2 and 𝛾293𝐾𝑆 𝐹 𝐸 = 32.5 mJ∕m2 at 77 K and 293 K respectively,
by means of neutron diffraction [86]. Observations and estimations
of SFE suggest that, at least for a large temperature range, there
is approximately a linear relationship between SFE and temperature.
Assuming that this is valid for the temperatures being considered here,
the SFE increases linearly with temperature and the calculated SFE at
0 degrees Kelvin is 𝛾0𝑆 𝐹 𝐸 = 6 mJ/m2 for this alloy.

The choice of the R ratio is not trivial due to the lack of direct
xperimental data to quantify it. However, it is well accepted that the
islocation mobility is higher in the grain interiors that near the grain
oundaries, as the latter act as barriers for dislocation storage such
s pile-up dislocations. Additionally, while a grain deforms predomi-
antly by single slip in the grain interiors, strain gradient theory [103]
nd its first numerical implementation using finite elements [124],

have been used to support the hardening by geometrically necessary
dislocations near grain boundaries [125,126]. Finite element crystal
lasticity studies in copper at room temperature, which also has a FCC
rystal structure, found the chosen R ratios (0.05 and 0.33) to have a
rofound effect on the evolution of geometrically dislocations during
yclic fatigue [127]. In another crystal plasticity study of deformation

at very high strain rates (≈105 s−1) in copper and aluminium [128],
𝜌𝑖𝑚 = 𝜌𝑚𝑜 was chosen at 300 K. As we define R at 0 K in Eq. (17), we
substitute the corresponding approximated stacking fault energies in
q. (19), giving 𝑅 ≈ 0.5 at 0 K. Although the arbitrarily chosen values

of the mobile to immobile dislocation density ratio are low (R < 1)
n these studies, it is reasonable to expect the dislocation mobility of

dislocations will be higher (and higher value of R) at strain rates of
≈ 10−4–10−3 s−1 and away from microstructural heterogenities such
 d

7 
as grain boundaries. Note that the above proposed approach is only
valid for comparing dislocation mobilities of alike crystal structures,
as FCC metals have relatively high dislocation mobility because of the
existence of multi-slip systems, as opposed to HCP crystals that tend to
twin more often.

3.4. The role of mean free path on dislocation motion

As introduced earlier, the advancement of dislocations is hindered
by forest dislocations. The mean free path (MFP) represents the average
distance between pinning points as the dislocation advances through
the lattice. The MFP, when using Kocks–Mecking model, 𝜆𝐾 𝑀 , is related
to the current immobile dislocation density. Combining the Taylor
equation 𝜏 = 𝛽 𝐺 𝑏√𝜌𝑖𝑚 and Eq. (11) one obtains :
𝜆𝐾 𝑀 = 1

√

𝜌𝑖𝑚
(20)

Note that the higher the immobile dislocation density, the lower the
FP, and the easier a dislocation can slip through the lattice as the

inning points are more far apart. However, the dislocation movement
is not only hindered by immobile dislocations but also by local energy
barriers, as described in previous sections using the atomistic approach.
We introduce this average distance between high energy barriers as
𝜆𝑙 𝑎𝑡𝑡𝑖𝑐 𝑒. The inverse of the mean free path of a moving dislocation
has been proposed as the summation of the inverses of characteristic
distances that contribute to hardening in nickel super-alloys i.e. grain
size, sub-grain size and average distance between precipitates [25].
The combined MFP of the lattice energy barriers plus the average
dislocation distance is thus defined as:
1
𝜆
= 1

𝜆𝐾 𝑀
+ 1

𝜆𝑙 𝑎𝑡𝑡𝑖𝑐 𝑒
(21)

where the smaller distance controls the combined distance.

4. Results of the combined atomistic-microscale model

4.1. Calculation of the mean free path by the atomistic model

To estimate the distance between the barriers, we obtained the
robability distribution (Fig. 4) for all possible lattice energy values.

We calculated the energy up to the third coordination sphere in the
summation in Eq. (2). As the calculation results show, taking into
account the summation of higher coordination spheres slightly shifts
the peak to the left, since the pair potentials included in the summation
rapidly decay with distance. Then, the array of possible lattice energy
values was used for statistical analysis. As shown by the statistical
sampling results, this energy distribution is accurately described by the
Gaussian distribution in Fig. 1. We fitted this energy distribution for
the FeCoCrNi alloy using the Gaussian distribution parameters 𝐴 =
0.1488, 𝐸𝑎𝑣𝑔 = 2.748, 𝑤0 = 0.27. These parameters are determined by
the current values of the pair interatomic potentials 𝑉𝛼 𝛽 (in this case the

orse potential of Benassi (2018) was used), and the value of crystal
attice parameter 𝑎𝑙 𝑎𝑡𝑡𝑖𝑐 𝑒 was taken from [129].

The position of the distribution peak and its halfwidth are sig-
nificantly affected by the parameters of the potentials, primarily the
depth of the interaction energy, which is ≈−0.4 eV in 3 or parameter
𝐷 in [42]. Next, we compare our results with previously reported
ones. First estimations of maximum possible cohesive energy of pure
components alloys were made in 1954, and can be found in the
monograph [130]. Recent estimations for this HEA alloy are around
 eV [131]. The peak of our energy distribution coherent with these

theoretical and experimental estimations. In order to calculate the
echanical properties of the alloy, we need to describe the constitu-

ive laws for plasticity which rely on dislocation motion. Dislocation
otion is hindered by barriers in the crystal bulk and the characteristic

istance between obstacles, or mean free path, plays a key role. This
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Fig. 5. A moving dislocation in the proposed scale bridging model. The dislocation motion is characterized by two contributions of the mean free path (see Eq. (21)). First
contribution is defined by the lattice energy barriers (red squares) calculated by the atomistic random alloy model, and the second contribution is defined by the dislocation
density (black circles).
mechanism is schematically represented in Fig. 5 where two contri-
butions are possible. The contribution of lattice distortions barriers,
as calculated by the random alloy model, is addressed in this section,
while the second contribution due to dislocation density is detailed in
the next sections.

In the literature, there are energy values reported for different
mechanisms that can act as barriers during plastic deformation. For
this, we need to consider all the possible defects in the crystal lattice
which can act as barriers for dislocation motion. These include, the
dislocation energy [50–52], the energy of the dislocation core [54,55],
the vacancy migration energy [18], dislocation self climb activation
energy [132] or the cross-slip energy [8]. Each of the listed structural
defects has range of corresponding energies and be associated with
local lattice distortions (Fig. 1). We chose the energy value, 𝐸𝑎𝑐 𝑡 =
2.27 eV, in the range 2–2.5 eV which is in agreement with relevant
mechanisms for dislocation line energy [54], kink-pair energy [56] and
modelling of dislocation energy [50–52]. After choosing the integration
limit in Eq. (4), 𝐸𝑎𝑐 𝑡, based on relevant dislocation energy values found
in the literature, we integrate to obtain the mean free path, 𝜆𝑙 𝑎𝑡𝑡𝑖𝑐 𝑒.
Finally, using the method by Nohring and Curtin [8], for a chosen value
of activation energy 𝐸𝑎𝑐 𝑡 = 2.27 eV, we can find the distance between
barriers:

2 ⋅
√

3
2𝑎𝑙 𝑎𝑡𝑡𝑖𝑐 𝑒

0.1488 ⋅ ∫ ∞
−2.27 𝑒

− 1
2 ⋅

(𝐸+2.748)
0.27

2

𝑑 𝐸
≈ 200 nm (22)

where the lattice parameter of the alloy 𝑎𝑙 𝑎𝑡𝑡𝑖𝑐 𝑒 is taken from [129].
Thus, given the size of our cluster it can be said that the distance be-
tween the energy barriers is approximately 200 nm. All the parameters
in (5) are within ranges reported in the literature. The calculated MFP
is sensitive to the chosen value of each parameter employed in the
random alloy model.

Although slightly different values of activation energy 𝐸𝑎𝑐 𝑡 are
possible to define the integration limits in Eq. (22), we estimate the
effect of other parameters in the atomistic model to have impact on the
calculated mean free path. In particular, a much greater influence of the
results (Eq. (4)) obtained by the random alloy model is influenced by
the type of pair potential (and its parameters), the rules for obtaining
mixed components and the value of lattice parameter, 𝑎𝑙 𝑎𝑡𝑡𝑖𝑐 𝑒, which is
not trivial in the case of multicomponent alloys.

Our goal is the connection between structural properties and me-
chanical properties. The typical design of multi-component solid solu-
tions involves thermodynamic approaches, such as the Hume-Rothery
rules (e.g. similar atomic radii). These methods rely on Maxwell re-
lations to calculated the averaged free energy and material properties
(e.g. ThermoCalc or Calphad). But such approaches do not allow the full
description of the structural properties and the associated free energy. A
major challenge for the full (atomistic) description of the free energy of
the HEA is the calculation of the configuration entropy. This can have a
significant impact on the mechanical properties. While the first term in
Eq. (1) defines the potential energy of the alloy, the second term defines
8 
the configuration entropy of the alloy, which depends on probabilities
of atomic occupation in the HEA distorted lattice. The small differences
(Hume-Rothery rules) between the chosen atomic sizes leads to an
increase of the possible local configurations, and an increase of the
configuration entropy term. This add complexity when calculating the
free energy. For this reason we chose our atomic approach, even
without direct calculation of the configuration entropy (Eq. (1)). In
the next sections, the above considerations in the atomistic model will
be bridged in the scales through mean free path considerations and
dislocation theory.

4.2. Mesoscale model parameters and stress–strain curves

As presented earlier, our method combines atomistic and dislocation
theory. The interaction between these methods provides a description
of macro-level properties. Fig. 6 shows that the model can successfully
predict the experimental stress–strain curves at two different temper-
atures [86] for most levels of strain. The dislocation theory model
has been implemented by using parameters found in the literature or
estimated from experiments. The model is sensitive to temperature and
strain rate, although we only investigate the effect of the former in this
study. The shear modulus 𝐺, b and their dependencies of temperature
have been previously experimentally measured for this alloy [86]. The
initial dislocation density is also used as an input for the model and
it has been taken as the average of experimental observations [86,
133]. The Debye frequency is taken from experimentally validated
calculations based on dislocation theory [95]. The activation energy
for dislocation glide [94] is taken from the literature for this alloy
(363 kJ/mol) [134]. The choice of A and B parameters has been
chosen to fit the experimental stress–strain curves by using a Lipschitz
condition algorithm. The obtained A and B parameters are consistent
with theoretical ranges (≈108–109 s m−1 and ≈ 10–102 s) [109], when
the slope of the stress hardening is approximated to ≈ 𝐺∕200 [85]
and the reference hardening stress is taken as 426 MPa, which is the
shear strength at 0 K (Pierls stress) for this alloy [135]. Our approached
based on dislocation theory, along with these defined parameters, allow
the calculation of mechanical properties which are temperature and
strain-rate dependent.

As we are considering deformation at the bulk scale, most dis-
locations will be inside grains or relatively away (⪆100𝑏) from the
grain boundaries. Furthermore, because we can neglect grain boundary
sliding at the studied relatively low temperatures, we expect a relatively
high ratio of mobile-to-immobile (>1) dislocation density. We have
explored which value of R = 1,5,10,20, and corresponding adjusted
values of A and B, best fit the experimental dislocation density and
flow curves. For each explored value of R, the adjusted values of A and
B are within the theoretical limits (≈108–109 s m−1 and ≈ 10–102 s).
Although all of these combinations of values of R, A and B generally
give a reasonable agreement with the experimental flow curves and
dislocation density (not shown), we found that R = 10 and the values of
A and B as shown in 1 best match the experimental data. The accuracy
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Table 1
Initial parameters employed in the present model to describe the plastic behaviour. All these values have a physical meaning
and thus not arbitrarily chosen, as described in the main text. The values for all these parameters are constant for all model
simulations.
𝜆𝑙 𝑎𝑡𝑡𝑖𝑐 𝑒 𝜌0𝑡𝑜 𝐴 𝐵 𝐺77𝐾 𝐺293𝐾 𝜈𝐷 𝑄 𝑏
[m] [m−2] [s m−1] [s] [GPa] [GPa] [s−1] [kJ/mole] [m]

2 ⋅ 10−7 1.7 ⋅ 1013 2.7 ⋅ 108 50 85 80 1013 363 2.5 ⋅ 10−10
Fig. 6. Flow curves predictions at 𝜖̇ = 10−4 s−1 by the proposed coupled atomic-meso
scale model for HEAs and its validation against experimental data [86].

of the model could be improved in the early regions of plasticity
𝜖 < 0.5% strain. The model predicts an abrupt change from elastic to
plastic regime on the onset of yielding. This is a common behaviour of
plastically deforming single crystals [117]. The model is effectively con-
sidering a single crystallographic orientation representing the average
of the polycrystal via the Taylor factor [101]. This transition is much
smoother when studying the response of the RVEs using the CPFEM
framework [73,136–138], which is not captured by our simplified
model. This smoother curve and a smoother transition into plasticity
is a consequence of the aggregate of grains taking naturally into ac-
count the averaged effect of differently oriented grains, each with its
own Schmidt factor, which is a determinant for plastic deformation.
Moreover, CPFEM studies have demonstrated that elastic anisotropies
can play an important role in the early stages of plasticity in FCC
metals [64,68,69,139]. This can further explain the reason for the
model not capturing the smoother elastic–plastic transition observed
and predicted in polycrystals.

4.3. Evolution of the dislocation density

X-ray diffraction can be used to estimate the evolution of the
total dislocation density. The broadening of diffraction peaks is often
attributed to the presence of crystalline defects, including disloca-
tions [140]. Both mobile and immobile dislocations in all slip systems,
along with other crystalline defects, can contribute to the broadening
of X-ray (or neutron) diffraction peaks. Thus, we can compare the pre-
dicted total dislocation density against the corresponding experimental
data as determined by neutron diffraction for CrFeCoNi [86,133] is
shown in Fig. 7. Overall, the model captures the trend of increase of the
total dislocation density with strain. The magnitude of changes in dis-
location density evolution following significant deformation (𝜖 > 0.10)
are in agreement with general observations in other engineering metal
alloys. The dislocation density can increase some orders of magnitude,
from 1010 m−2 to 1011 m−2 in well annealed metals [117], to about
1014–1015 m−2 in heavily cold-rolled metals [111]. Other modified K–
M models have predicted similar evolution of dislocation density with
9 
Fig. 7. Model calculations and experimentally determined dislocation densities in the
studied HEA FeCrCoNi. [86,133]. The initial dislocation density is taken from the
experimentally determined dislocation density before deformation, as 1.7 ⋅ 1013 m−2 for
both temperatures.

strain in aluminium alloys [80] and nickel alloys [81]. The model
predicts the increase of dislocation density to be less pronounced at
higher strains (𝜖 ⪆ 0.2) for 77 K. This is noticeable by the crossing
between the experimental and predicted dislocation densities for 77
K at about 𝜖 ≈ 0.2 strain. This suggests that the rate of increase in
dislocation density with strain diminishes at these strains for 77 K,
due to dynamic recovery (stage III hardening) as quantified by the
dislocation annihilation term in Eq. (13).

Although the predictions by the model are generally in good agree-
ment with the experimental observations for both temperatures, the
model better predicts the dislocation density for strains below than
𝜖 ≈ 0.3. We attribute this difference to the combination of using an
overly simplistic model and experimental data uncertainty. Firstly, our
model is insensitive to other deformation mechanisms, such as twinning
or micro-texture, and its effect on strain hardening. Furthermore, these
mechanisms play different roles at different temperatures. For example,
twinning is promoted at lower temperatures due the lower SFE. In
the absence of twinning, deformation must be accommodated across
the micro-structures, resulting in intragranular crystallographic texture
changes. This is more significant near grain boundaries where the con-
straints imposed by the neighbouring grains are stronger [141]. More-
over, the overall crystallographic texture becomes more pronounced
as strain increases and becomes significant strains (𝜖 ⪆ 0.2). In order
to capture these effects on the strain hardening CPFEM models would
be required. Secondly, one must be careful when interpreting the
experimentally determined dislocation density. The dislocation density
has been estimated from the peak broadening measurements around
the diffraction angle for Bragg condition. Twining and micro-texture
can also contribute to peak broadening in different amounts [86]. In
this scenario, if twinning was to contribute significantly to peak broad-
ening, the dislocation density would be experimentally overestimated,
particularly at low temperatures where twining is more prominent.
Additionally, other sources of experimental uncertainties can exist. For
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Fig. 8. Model predictions of the (a) immobile and the (b) forest dislocation densities for both temperatures in the studied FeCrCoNi alloy.
example, experimental determination of dislocation density from X-ray
diffraction data often involves fitting the observed peak broadening
to theoretical models, and various methods and corrections may be
applied depending on the specifics of the material and experimental
set-up. In conclusion, the predicted dislocation densities evolution with
strain are in satisfactory agreement with the experimental data, given
the possible contributions to uncertainties in the experimental data, and
given the complexity of other deformation mechanisms which are not
included in the constitutive behaviour of the model.

The evolution of the predicted immobile dislocation density is pre-
sented in Fig. 8a for both temperatures, 77 K (blue) and 293 K (red).
The immobile dislocation density for 77 K rises steadily with the
increase in strain, and almost linearly after about 𝜖 ≈ 0.2. Due to
the effect of the higher stacking fault energy, and the corresponding
increase in dislocation mobility, the immobile dislocation density is
increasing more slowly at the higher temperature of 293 K than at
77 K for the same levels of strain. This reduced rate of increase in
dislocation density at higher temperatures can be attributed to the ease
with which dislocations can cross-slip or climb, bypassing obstacles
more readily and thus extending the mean free path. In contrast, at
the lower temperature of 77 K, the reduced stacking fault energy
limits dislocation mobility, as reflected by the steeper blue curve. Here,
dislocations are more likely to become immobile upon encountering
obstacles, leading to a rapid accumulation of immobile dislocations
and a consequent decrease in the mean free path. The larger immobile
dislocation density during hardening at 77 K is responsible for the
higher yield stress and the stronger response 6 than that at 293 K. This
is explained by the lowering of the mean free path distance in the larger
presence of immobile dislocations, which results in a higher resistance
to dislocation movement.

The evolution of the forest dislocation density against strain for the
two temperatures is depicted in 8b. As presented earlier, we assume
the mean free path is unaffected by the forest dislocation density.
Instead, the resistance to dislocation glide arises from the increased
shear stress needed to overcome forest dislocations as given by the
Taylor expression 𝜏 = 𝛽 𝐺 𝑏√𝜌𝑓 𝑜. The blue curve at 77 K, with its steeper
increase in forest dislocation density, indicates a higher resistance to
dislocation movement in the primary slip systems due to the frequent
interactions with forest dislocations in the secondary systems. This
increased interaction at the lower temperature results in a higher shear
stress required to move dislocations, leading to greater material hard-
ening and affecting the yield stress, as shown in Fig. 6. At 293 K, the
red curve’s more gradual slope suggests that the accumulation of forest
dislocations is slower, thereby offering less resistance to dislocation
movement in the primary slip systems. This results in a lower shear
stress required for dislocation movement, hence a reduced hardening
10 
effect compared to the lower temperature condition. Comparing this to
the immobile dislocation density in 8A, we observe that the accumu-
lation of forest dislocations is significantly higher, as indicated by the
scale of the 𝑦-axis. Despite this, the general trend remains the same,
with the curve representing the lower temperature showing a greater
rate of increase, emphasizing the increased shear stress resistance due
to forest dislocations at lower temperatures. Finally, the chosen value
of the mobile-to-immobile ratio (R) in Eq. (17) has a significant effect
on the evolution of the immobile dislocation density (not shown). As
presented earlier, we have chosen R = 10 because it best fits the
experimental flow curves and total dislocation density. As expected,
an decrease of R results in the immobile dislocation density increasing
with respect to the mobile dislocation density for all levels of strain.
On the other hand, the effect of changing R is much weaker for the
results of forest dislocation density. This explained by the fact that the
majority of dislocations are contained in secondary slip systems in the
considered FCC lattice (Eq. (15)), acting therefore as forest dislocations
regardless whether they are mobile or immobile.

4.4. Mean free path evolution

The dislocation mean free path evolution can be measured exper-
imentally from microscopic images, although this is time consuming.
There are several observable features that can contribute to the pinning
of dislocations [25]. For example, individual contributions to the MFP
have been reported, such as subgrains cells diameter [81] in aluminium
alloys and or average twin spacing [119] in HEAs. In the proposed
model, the atomistic approach is used to define the properties of the
alloy structure in terms of the atomistic mean free path. As seen in
previous sections, these calculations rely on the atomistic model for the
stochastic calculation of lattice energy of HEAs and probability of en-
ergy barriers. This allows to obtain ground estimations of the evolution
of the combined dislocation mean free path with strain. Here, we focus
on the evolution of the mean free path in the primary slip system where
deformation is being studied. The contributions to the combined mean
free path (see Eq. (21)) arise from the atomistic mean free path and
the mean free path determined by the immobile dislocations density
in the given slip system, given by 𝜆 = 1∕√𝜌𝛼𝑖𝑚. Fig. 9a shows the
evolution of the combined mean free path at different temperatures.
K–M models have predicted similar evolution of MFP with strain in
aluminium alloys [80] and nickel alloys [81]. For both temperatures
in Fig. 9a, the mean free path decreases with increasing strain, as
expected. The blue curve, corresponding to a lower temperature of
77 K, starts at a lower mean free path when there is no strain. This
is explained by the lower mobility of dislocations as shown in Eq. (19).
As strain increases, the mean free path decreases, which means that
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Fig. 9. Predicted evolution of the total mean free path (a) and the contribution of the immobile dislocation density to the mean free path (b). The mean free path represents the
average distance between obstacles to dislocation motion in the primary slip system. The calculated contribution to the mean free path arising from lattice distortions in the HEA
(𝜆𝑙 𝑎𝑡𝑡𝑖𝑐 𝑒), as predicted by the atomistic model, is shown as a dashed line.
the dislocations are encountering obstacles more frequently or that the
obstacles are becoming more effective at impeding their movement.
The red curve, representing the higher temperature of 293 K, begins
with a higher mean free path at zero strain, indicating that dislocations
can, on average, move a greater distance before being hindered by an
obstacle. Therefore, that at lower temperatures, the dislocations can
travel a shorter distance and become even more restricted with applied
strain. At higher temperatures, dislocations start with more freedom of
movement but still encounter increasing impediment from barriers as
strain increases, although at a lesser rate than at lower temperatures.

As established in the Kocks–Mecking model used here, only the
immobile dislocation density contributes to the combined mean free
path in Eq. (21), not the forest dislocation density. However, the
additional stress required to move forest dislocations included in the
effective stress Eq. (10) via superimposes the drag stress via Eq. (11)
and 𝜆 = 1∕√𝜌𝑓 𝑜. For this reason it we study the effective mean free path
arising from forest dislocations in Fig. 9, which is calculated from the
forest dislocation density. These include immobile dislocations in the
current slip system as well as mobile dislocations on other slip systems.
Forest dislocations oppose movement unless they cross slip, which is
facilitated at higher temperatures and has been taken into account by
means of the temperature dependent stacking fault energy. At zero
strain, the mean free path is high for both temperatures, indicating a
low initial dislocation density as determined experimentally. Without
deformation, dislocations can travel relatively long distances without
encountering forest dislocations. As strain increases, the mean free path
decreases rapidly, reflecting an increase in forest dislocation density.
More mobile dislocations are generated on other slip systems, which
act as barriers and decrease the mean free path. The model predicts this
decrease to be more pronounced at 77 K temperatures, explained by the
rapid initial increase of dislocation density (mobile and immobile) in
the previous section. At higher strains (⪆0.1) The convergence of the
curves at higher strains suggests that the rate of increase in dislocation
density with strain becomes more uniform at these strains for 77k,
due to dynamic recovery processes as quantified by the dislocation
annihilation term in equation Eq. (13). The rate at which the mean
free path decreases diminishes, somewhat suggests a saturation where
further increases in strain do not significantly alter the mean free
path. Nevertheless, the experimental and predicted dislocation densities
suggest that the mean free path will continue to decrease with strain,
at least up to strains ≈40%.

The evolution of the mean free path calculated in Fig. 9 arising
from the forest dislocation density indicates that, at strains ⪆20%, the
mean free path reaches significantly low values of ≈50 nm and lower.
11 
Fig. 10. Predicted evolution of the mean free path arising from forest dislocations.
This mean free path arises from dislocations in secondary slip systems and results in a
shear stress resistance to dislocation motion in the primary slip system. The calculated
distances between partial dislocations for both temperatures are shown as dashed line.

These atomic distances are comparable to the typical distances between
disassociated partial dislocations. Partial dislocations are segments of
a complete dislocation that have separated, typically in fcc metals,
leading to a stacking fault between them. This leads to a further
interaction of dislocation movement of increased complexity from a
strain hardening perspective. For example, stacking faults can block
dislocations [142] or can react with dislocations by forming new obsta-
cles, such as Lomer–Cottrell locks, which are immobile and contribute
to the overall strength of the material. Furthermore, as the mean free
path decreases, the ability for dislocations to cross slip (change slip
planes) is reduced because the disassociated partial dislocations need to
be associated before cross-slip [110], and the available space for such
movement is constrained by the reduced mean free path. Cross slip is
a mechanism that can relieve local stresses and allow dislocations to
bypass obstacles, so its inhibition contributes to strain hardening. In
general, these complex interactions become more likely when the mean
free path is reduced, leading to a higher dislocation density within the
proximity of partials. In 10, the calculated distances between partial
dislocations for both studied temperatures are shown as horizontal



D. Gonzalez et al.

𝑎

d

p
e

t

p

t
s
C

o
W
i
A

Computational Materials Science 249 (2025) 113565 
lines in the figure, and the corresponding calculation of distances is
shown next. A fully associated dislocation with Burgers vector 𝑏 =
𝑙 𝑎𝑡𝑡𝑖𝑐 𝑒∕2⟨110⟩, tends to disassociate into Shockley partial dislocations

with Burgers vectors of 𝑎𝑙 𝑎𝑡𝑡𝑖𝑐 𝑒∕6⟨112⟩ directions due to energy mini-
mization. Assuming elastic isotropy, the dissociation distance 𝑑 can be
approximated to the SFE, 𝛾𝑆 𝐹 𝐸 , via [111]:

𝑑 = 𝐺 𝑏2
4𝜋 𝛾𝑆 𝐹 𝐸

(23)

While these are approximated separation distances between partial
dislocations, it is worth noting that a more precise calculation of
the depends on the elastic anisotropy of the lattice, the dislocation
characteristic and the actual Burgers vectors of Shockley partial dislo-
cations [143]. In the context of HEAs, the spacing between partials has
been calculated and measured as a function of the angle between the
full dislocation and the Burgers vector [144]. The calculated separation
istance showed some scatter and some variation with this angle, as

expected from the theory. Here, our focus is merely to compare this
approximated distance between Shockley partials with the mean free
ath, and to investigate the relevant mechanisms for dislocation barri-
rs. When substituting with our 𝛾77𝑆 𝐹 𝐸 and 𝛾293𝑆 𝐹 𝐸 , we obtain a separation

distance between Shockley partials of 13 nm and 34 nm respectively.
The calculated distances are well below the mean free path at low
strains and comparable to the MFP for strains beyond 0.3. In our
approach we do not explicitly consider the effect of partial dislocations
distance on glide in other slips systems, because the strain hardening
arising from the sessile dislocations has already been accounted via
the immobile dislocation density. It is, however, worth noting the
complexity of the strain hardening phenomenon and the need for lower
scale models, such as molecular dynamics, when investigating details
related to stacking faults.

5. Conclusions

A scale-bridging physically-based model has been proposed for the
mechanical properties estimation of a multicomponent alloy by statis-
ically bridging the atomistic, dislocation and macro length scales. In

the present model it has been assumed that the energy barriers act
as pinning points for the movement of dislocations. The use of model
otentials, to estimate the probability of occurrence of high energy

barriers (2 eV), allowed us to calculate the dislocation mean free path
distance, which is the average distance between obstacles opposing
the dislocation motion. It has been here proposed a dislocation-based
model where the dislocation motion is partially controlled by the mean
free path distance calculated from our atomistic studies. In our model,
he mean free path distance is also controlled by the dislocation den-
ity, which evolves according to a classic Kocks–Mecking expression.
oncluding, the following considerations can be drawn:

• The assumptions of a linear relationship between the increase of
SFE with the ratio of mobile-to-immobile dislocation densities and
a linear relationship with temperature permit to obtain results
consistent with experimental observations.

• The results show that our scale-bridging approach is able to cap-
ture the mean free path in the range of experimentally observed
for other metals (50–200 nm). Further, the model is able to
successfully predict experimentally-consistent dislocation density
evolutions and flow curves.

• Although our methodology and results bring promise for the
efficient design of HEAs, it is anticipated that further model
validation would be needed for a wider range of HEA constituent
elements, strain rates and temperatures.
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