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Abstract

High-entropy alloys (HEAs) are among multi-component alloys with attractive

microstructures and mechanical properties. In this study, molecular dynamics

simulation was used to determine the tensile behaviour of glassy AlxCrCoFeCuNi

HEAs from 300◦K to 1300◦K. For this purpose, this alloy with variations in

chemical concentration of aluminum were heated and then cooled at a high cool-

ing rate of 0.211 × 1012 K/s. Results from radial distribution functions (RDF)

and common neighbor analysis (CNA) indicated that no crystalline structures

were formed for these glassy alloys. The deformation behaviour and mechanisms

of the glassy alloys at room and high temperatures and various strain rates were

investigated and reported. The tensile test results showed that the yield stress

decreased markedly as temperature was increased for all the alloys. The alloys

exhibited superplastic behaviour for all test conditions. More importantly, by

increasing the molar ratio of aluminum from 0.5 to 3.0, the yield stress and

elastic modulus decreased considerably. Also, the yield stress increased with in-

creasing the strain rate for all samples with different aluminum concentrations.

Free volume content of the alloys as well as shear banding were evaluated for

these alloys to aid explanation of these results.
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Metallic glasses

1. Introduction

Molecular dynamics (MD) is a simulation technique for studying the physi-

cal movements of atoms and molecules of N-body systems. In this method, the

trajectories of atoms and molecules are determined by solving Newton’s equa-

tions of motion. This technique is used for fundamental understanding of the5

deformation mechanisms in metals and alloys[1–8].

High-Entropy Alloys (HEAs) are a fascinating new class of multi-component

alloys that contain more than five principal elements in equal or near equal

atomic percent. Normally, the atomic fraction of each component is greater

than 5 at.% and lower than 35 at.% . These alloys called HEAs by Yeh et al.10

and multi-component alloys by Cantor et al. [9], that have attracted attentions

because of their unique composition, microstructure, and adjustable properties

[10–29].

The most convenient method of fabrication of HEAs is vacuum casting and

solidification, in which phase separation occurs, leading to a degradation in15

the mechanical properties. On the other hand, the HEAs may also undergo

solidification without crystallizing, leading to an amorphous, atomistic struc-

ture. These metals are called Metallic Glasses (MGs) and they do not have

dislocations as do crystalline metals, leading to relatively superior strength.

[30–32].Therefore, recently, researchers focused on the formation of high en-20

tropy glassy alloys with amorphous structures. These MGs have a very high

entropy of mixing and high glass forming ability (GFA) [9]. Some studies

have reported the properties of these alloys [33–35]. For example, glass tran-

sition behaviour, structural relaxation and crystallization of TiZrHfNiCuAgAl,

TiZrHFNiCuAl and TiZrHfNbNiCuAl MGs were investigated in detail [35]. One25

of the most extensively investigated HEAs with excellent mechanical properties

is AlxCrCoFeCuNi [36–56], where x (the molar ratio in the alloy) ranges from

0 to 3.
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To the best knowledge of authors, the tensile behaviour of AlCoCrFeCuNi

alloys with an amorphous structure has not been studied at atomic scale at30

the room and elevated temperatures. It is very important to observe the me-

chanical properties of these alloys in the glassy state to understand the effect of

amorphous structure and variation of the Al concentrations on the mechanical

properties of such materials. Here, MD simulations are used to analyze the

AlxCrCoFeCuNi alloys with glassy structure under the uniaxial tensile loading35

and the behaviour of these alloys at different temperature and different strain

rate for various concentrations of Al.

2. Simulation Details

In MD simulations, choosing a reliable interatomic potential measure is very

important to obtain reasonable results. Therefore, in this study, for describ-40

ing the interatomic interaction between Al-Cr-Co-Fe-Cu-Ni, EAM (Embedded

Atom Method) potential was used [57, 58]. It should be noted that based on

the concept of density functional theory, this potential is non-pairwise. In the

EAM potentials, the total energy E can be expressed as [57, 58]:

Epot =

N∑
i=1

Ei =
1

2

N∑
i,j,i 6=j

φij(rij) +
∑
i

Fi(ρi) (1)

where Ei is the potential energy of the atom i, φij is the pair energy between45

atoms i and j as a function of their distance (rij) and Fi(ρi) is the embedding

energy term as a function of the local electron density (ρi), at the position of

atom i. The local electron density can be calculated using

ρi =

N∑
j,j 6=1

fi(rij) (2)

where fi(rij) is the contribution of atom j at the site of atom i to the electron

density. In the EAM alloy potential model, the pair potentials are defined as :50

φ(r) =
Aexp[−α( rre ) − 1]

1 + ( rre − κ)20
−
Bexp[−β( rre ) − 1]

1 + ( rre − λ)20
(3)
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where re is the equilibration spacing between nearest neighbors, A, B, α and

β are four adjustable parameters, and κ and λ are two additional parameters

for the cutoff. The electron density function is taken with the same form as the

attractive term in the pair potential with the same value of β and λ [58].

The electron density function is:55

f(r) =
feexp[−β( rre − 1)]

1 + ( rre − λ)20
(4)

The pair potential between two different species, for example a and b is then

constructed as

φab(r) =
1

2
[
f b(r)

fa(r)
φaa(r) +

fa(r)

f b(r)
φbb(r)] (5)

The embedding energy functions are represented by the below equations, defin-

ing the function in different electron density ranges. These equations are: [58]

F (ρ) =

3∑
i=0

Fni(
ρ

0.85ρe
− 1)i, ρ < 0.85ρe (6)

60

F (ρ) =

3∑
i=0

Fi(
ρ

ρe
− 1)i, 0.85ρe ≤ ρ < 1.15ρe (7)

F (ρ) = Fn[1 − ηln(
ρ

ρs
)](

ρ

ρs
)η, ρ ≥ 1.15ρe (8)

where Fni, Fi and Fn are tabulated constants [57–59].

The atoms of AlxCrCoFeCuNi (x= 0.5,1.5,3.0) are randomly positioned

within the FCC crystal structure in the three-dimensional cell simulation with x,

y and z displacement coordinates. The simulation cell size was (72×10−10m)×65

(72 × 10−10m) × (180 × 10−10m) along x, y and z directions, which contains

80,000 atoms. The crystallographic orientation along these directions were [100],

[010] and [001], respectively. Periodic boundary conditions were applied in all

the three directions. Energy minimization was carried out using the conju-

gate gradient relaxation algorithm with the stopping tolerance for energy and70

force equal to 10−15 and 1.6 × 10−24(N) , respectively, for relaxation of the

randomized HEAs configuration. The relaxed structure was initialized at room
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temperature (300◦K) under an isothermal-isobaric or NPT (constant number of

particle (N), constant pressure (P) and constant temperature (T)) ensemble at

a pressure of 0 MPa for 30× 10−12 s. The system was then heated at a heating75

rate of 0.211 × 1012 K/s to 2200◦K to melt the alloy. After that, the system

was equilibrated at 2200◦K for 45 × 10−12 s. This step was followed by a quick

quenching with a cooling rate of 0.211×1012 K/s to 300◦K and relaxed at 300◦K

under an isothermal-isobaric ensemble at a pressure of 0 MPa for 45 × 10−12 s.

Rapid quenching was implemented to ensure that the HEA-MGs were created.80

Finally, to ensure that an metastabled structure was obtained, the entire system

was simulated and relaxed using Nose/Hoover temperature thermostat (NVT

or canonical ensemble) and followed by microcanonical (NVE) ensemble in the

absence of thermodynamic constraints.

The temperatures examined in the prepared isobaric-isothermal ensemble in85

the HEA model were 300◦K,700◦K,1000◦K and 1300◦K. The Verlet algorithm

was used for integrating the equation of motion with a time step of 2× 10−15 s.

Before applying the tensile loading, the model was relaxed to get an metastable

state at the desired temperature. Uniaxial tensile loading along the z direction

was then applied. The large-scale atomic/molecular massively parallel simulator90

(LAMMPS) [60] was used for MD simulations and trajectories of atoms were

studied using visual molecular dynamics (VMD) [61].

3. Results and Discussion

In order to study the atomic structure of the prepared alloys after solidifi-

cation, pair correlation functions, g(r) of the Al0.5CrCoFeCuNi at 2200◦K and95

300◦K were calculated and are shown in the Fig. 1. As can be seen in this Fig.

1, for both the temperatures, an amorphous structure was obtained while in

the liquid phase, the corresponding peaks were broader with a lower intensity.

Therefore, the atomic order of the solidified alloys was slightly higher than that

of the melt. Fig. 2 shows g(r) of Al0.5CrCoFeCuNi at 300◦K for all of the100

atom pairs before the tensile loading. It should be noted that for the higher
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Fig. 1: Radial Distribution functions of Al pairs for Al0.5CrCoFeCuNi at a) 2200◦K and b)

300◦K.

temperatures (700, 1000 and 1300◦K), the results of the g(r) were almost the

same. It can be seen from this Fig. 2 that there was strong affinity between

like pairs (e.g. Al-Al, Cr-Cr, Co-Co) and unlike pairs (e.g. Al-Cr, Al-Co). Also,

the distribution of each element was shown to be uniform from the HEA model105

as shown in Fig. 3. On the other hand, the CNA (Common Neighbor Analy-

sis) [62, 63] results of each atoms showed that there were no FCC, BCC, HCP

(Hexagonal Close-Packed) and icosahedral structures in the samples. From the

topological disorder and chemical disorder results, these alloy compositions can

be classified as HEA-MGs.110

The HEA model Al0.5CrCoFeCuNi at 300◦K is shown in Fig. 4. The se-

quence of the stress-strain curve at the strain rate equal to 1010s−1 can be

observed in this Fig. 4 The stress was increased with increasing the strain at

the initial stage of deformation, just as in single-crystal materials. After that,

plastic deformation started and the deformation underwent significant changes115

indicating superplastic behaviour of the alloy.

Plastic deformation of MGs at low temperatures is characterized by local-

ization of flow into narrow regions within the volume of the material. These

regions are often referred as shear bands (SBs), which normally determine the

mechanical properties of MGs, especially their ductility and toughness. Pre-120
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Fig. 2: Radial Distribution functions of all atom pairs for Al0.5CrCoFeCuNi at 300◦K. The

pair correlations of like pairs (e.g.,Al-Al) and unlike pairs (e.g., Al-Cr) indicate strong affinity

among the like pairs and unlike pairs.
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Fig. 3: Distribution of each element in Al0.5CrCoFeCuNi at 300◦K.

Fig. 4: (a) Schematic of conventional tensile specimen, and schematic of the atomic

Al0.5CrCoFeCuNi HEA sample for MD simulations under the tensile loading, in which the

arrows indicate the loading directions, (b) the stress-strain curve of tensile behaviour of

Al0.5CrCoFeCuNi at 300◦K at the strain rate equal to 1010s−1 with atomic snapshots at

different stages.
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Table 1: Free volume (×10−27m3) in different molar ratio of Al in AlxCrCoFeCuNi and

equal number of atoms (80000 atoms) with different strain rate at 300◦K.

x value in AlxCrCoFeCuNi 0.5 1.5 3.0

Strain =0.0 302.4 307 317.8

Strain =0.2, Strain Rate = 109 309.7 314.3 325.7

Strain =0.08, Strain Rate = 1010 313.8 318.6 329.6

Strain =0.2, Strain Rate = 1010 312.8 317.8 329.1

Strain =0.2, Strain Rate = 1011 325.3 330.5 341.4

vious studies have indicated that the presence of SBs in MGs can lead to the

formation of a higher free volume, causing a reduction in the density of MGs.

This high free volume values can lead to the strain softening during plastic defor-

mation. In addition, their low density can enhance the diffusion rate within the

SBs [64]. Therefore, the free volume of the samples for the first, second (when125

overshooting occurs), and third stages were calculated using Voronoi tessellation

technique [65, 66] (see Table 1). Deformation stages of Al0.5CrCoFeCuNi are

shown in Fig. 4 (b). The atomic radiuses of the elements used for this calcula-

tion are given in Table 2. These results indicate that by increasing the aluminum

content at 300◦K, a higher free volume was obtained for the alloys before start-130

ing the tensile test. Therefore, a higher strain softening and diffusion rate can

be expected for the alloys containing a higher concentration of aluminum. In

addition, it was found that the free volume in the third stage in the Fig. 4 (b)

was 10−26m3 higher than that in the first stage in the Al0.5CrCoFeCuNi sample

at 300◦K. This increase might represent the formation of SBs [64] during plastic135

deformation.

The tensile behaviour of all the samples at the strain rate of 1010s−1 is shown

in Fig. 5 (a, b, c, and d). As can be seen, at each temperature, the value of yield

stress was decreased by increasing the Al concentration. Also, at lower tempera-

tures, a peak in the stress occurred before start of the plastic deformation. This140
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Table 2: Atomic radiuses of each elements used in interatomic potential

Elements Al Cr Co Fe Cu Ni

Atomic radius (×10−10m) 1.43 1.24 1.25 1.24 1.27 1.24

overshoot behaviour of stress can be explained by considering the interaction

between shear transformation zones (STZs) and free volume dynamics [64]. As

mentioned, based on formation of this overshoot, the free volume at the second

stage was calculated. The calculated free volume at the second stage (strain

= 0.08) at 300◦K for all aluminum concentrations showed that the amount of145

free volume was increased at the peak of these stress-strain curves, see Table 1.

Dynamic activation of STZs and the STZ-mediated free volume dynamics were

utilized to obtain the amorphous plastic types. Cheng et al. [67] illustrated

that the shear stress for initial yielding expressed the fundamental resistance

to flow initiation of the amorphous HEAs, while the stress in the steady-state150

flow area, shows the shear resistance of the fresh glass structure. In summary,

based on the results of Table 1, a higher free volume in the first stage (strain

= 0.0) promotes structural softening, and hence causes easier interaction be-

tween STZs. In addition, Figs. 5 (e) and (f) showed that the strength of the

alloys decreased by increasing the temperature. Some studies have reported155

that in HEAs that have chemical clustering or ordering behaviour, there is a

reasonably good mechanical strength at elevated temperatures compared to am-

bient temperature[68], however, the obtained results of this study showed that

in HEAs with an amorphous structure, the tensile strength has a considerable

decreasing trend by increasing the temperature (see Fig. 5 (e)). Furthermore,160

the type of deformation seems to be different at the higher temperatures versus

the lower temperatures. Jafari-zadeh et al. [69] showed that in the metallic

glasses, at low temperature, a single shear band is activated while for interme-

diate and high temperatures multiple shear-banding and homogeneous plastic

flow are activated, respectively. As a result, they are expected to cause a reduc-165
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Table 3: Calculated free volume of the Al0.5CrCoFeCuNi sample at different temperatures.

Temperature (◦K) 300 700 1000 1300

Free volume (×10−27m3) 302 319 334 354

tion in the yield stress by increasing the temperature. In addition, Literature

reported that there is a relationship between the glass transition temperature

(Tg) and deformation mechanisms for MGs. Based on the deformation map

of MGs [70], homogenous deformations occurs when the actual temperature is

almost equal or higher than the glass transition temperature. Therefore, the170

Tg of the Al0.5CrCoFeCuNi was determined during the quenching process by

analyzing the changes of average potential energy for each atom as a function

of temperature. As can be seen in the Fig. 6. During the cooling process, by

decreasing the temperature, the potential energy of the system was decreased

and Tg was evaluated from the deviation of the potential energy from its linear175

relationship with temperature [71, 72]. Therefore, the estimated Tg was about

800◦K, indicating that the tensile behaviour of these alloys and the mechanism

of deformation is different after this range of temperature.

In order to examine the differences between deformation mechanisms at the

high and low temperatures, another simulation was performed. In this simula-180

tion, the periodic boundary of the lateral faces was fixed (x and y). The results

are shown in the Fig. 7. The deformation behaviour of the samples at the two

temperatures for ε = 1.0 were found to be different. At the low temperature

(300 ◦K), necking occurred which is resultant from localized deformation, while

at the higher temperature (1300 ◦K) no necking was observed which is resultant185

from more homogeneous deformation. In addition, free volumes of the samples

at each temperature (Table 3) showed that by increasing the temperature, the

free volume was increased, which caused a higher tensile ductility. Based on the

deformation map of MGs, homogeneous deformations occurred at these high

temperatures [70] at the strain rate equal to 1010s−1.190
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Fig. 5: Stress-Strain curve of HEA model at the strain rate equal to 1010s−1 with different

Al concentration at different temperature (a)300◦K, (b)700◦K, (c)1000◦K, (d)1300◦K, (e)

Yielding Stress at different temperatures and different Al concentrations, (f) Young’s Modulus

at different temperatures and different Al concentrations.
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Fig. 6: Potential energy per atom as a function of temperature during the simulated quenching

process to estimate the value of Tg in Al0.5CrCoFeCuNi.

Fig. 7: a) Stress-Strain curve of Al0.5CrCoFeCuNi sample at the strain rate equal to 1010s−1

at 300 ◦K and 1300 ◦K b) atomic snapshots during tensile test in ε = 1.0
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In order to study the effect of strain rate on the tensile behaviour, some

simulations with different strain rates were performed. Stress-Strain curves

of the samples with different concentrations of aluminum and different strain

rates are shown in Fig. 8. As can be seen in this Fig. 8, by increasing the

strain rate, the yield stress was increased at 300◦K and 1300◦K for different195

aluminum concentrations. In addition, the free volume values of samples in the

third stage of deformation during plastic deformation in strain equal to 0.2 were

calculated. The results in Al0.5CrCoFeCuNi are showed in Table 1 and 4 for

300◦K and 1300◦K, respectively. As can be seen, the free volume of all samples

was increased with increasing the strain rate. However, at 1300◦K at the strain200

rate equal to 109, the value of free volume in the first and third stages is almost

the same. For the higher strain rates, the increment in amount of free volume

is smaller than 300◦K. This difference could be due to the different deformation

mechanisms in these two temperatures. There is direct relationship between

strain rate and free volume as reported in the study of Heggen at al. [73].205

Therefore, by increasing the strain rate, a higher free volume will be obtained.

However, at a higher strain rate, the required time for diffusion of atoms and

rearrangement of free volume will be considerably decreased, and therefore the

effective free volume that aid the mobility of atoms during deformation will

be decreased [74]. Thus, a higher strength will be obtained and the motion of210

atoms will be difficult during deformation. Fig. 9 shows a change in the yield

stress by increasing the strain rate. As can be seen, at the higher strain rates, a

higher stress seems to be needed to start the plastic deformation at 300◦K and

1300◦K.

4. Conclusions215

The tensile behaviour of glassy AlxCrCoFeCuNi HEAs from 300◦K to 1300◦K

were determined in this study. For this purpose, the alloys were cooled at a high

rate to prepare amorphous structures. From the simulation results, the following

conclusions can be drawn:
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Fig. 8: Stress-Strain curves of AlxCrCoFeCuNi samples at two different temperatures and

different strain rates.
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Table 4: Free volume (×10−27m3) in different molar ratio of Al in AlxCrCoFeCuNi and

equal number of atoms (80000 atoms) with different strain rate at 1300◦K.

x value in AlxCrCoFeCuNi 0.5 1.5 3.0

Strain =0.0 354.1 360.1 375.8

Strain =0.2, Strain Rate = 109 353.8 359.6 375.2

Strain =0.2, Strain Rate = 1010 355.1 361.6 377

Strain =0.2 , Strain Rate = 1011 366.1 371.9 386.6

Fig. 9: Strain rate versus Yield stress in AlxCrCoFeCuNi at 300◦K and 1300◦K.
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1. RDF and CNA results indicated that no crystalline structures were formed220

for the alloys; although, the short range atomic order of the solidified alloys

was higher than that of the melt.

2. The tensile yield stress of all the alloys decreased considerably by increas-

ing of the temperature. In addition, it was found that all of the alloys

exhibited superplastic behaviour.225

3. It was found that by increasing the amount of molar ratio of aluminum

from 0.5 to 3.0, the yield stress and elastic modulus were considerably

decreased. This can be understood after determination of the free volume

content of the alloys. A higher free volume content was formed for the

alloys with higher concentrations of aluminum, leading to the activation230

of shear bands and hence the promotion of deformation.

4. Although, at the higher rate of strain, a higher free volume was obtained,

however, the yield stress of all the samples was increased by increasing the

strain rate due to lack of required time for the diffusion and rearrangement

of atoms that caused a lower effective free volume.235
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