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A B S T R A C T

The mechanical properties of (Ti41Zr25Be28Fe6)93Cu7 bulk metallic glass were investigated using nanoindentation 
tests and Molecular Dynamics simulation (LAMMPS) to model the behavior of both crystalline and amorphous 
phases. Nanoindentation simulations employed indenter radius of 8, 10, and 15 Å, while indentation velocities of 
0.1, 0.15 and 0.2 ( Å

ps) were applied in both nanoindentation and tensile simulations. Nanoindentation results 
revealed that increasing the indentation velocity led to higher hardness in both crystalline and amorphous 
samples, attributed to increased applied loads at a given indentation depth. Conversely, hardness decreased with 
increasing indenter size. Young’s modulus, a characteristic material property, remained largely unaffected by 
variations in indenter size and indentation velocity in both phases. Tensile simulations further confirmed that the 
amorphous phase exhibited superior energy absorption during deformation, likely due to its relatively inherent 
energy dissipation mechanisms.

1. Introduction

Bulk metallic glasses (BMG) are a new category of advanced material 
with a long-range disorder structure with no crystal defects like dislo
cation, twinning, vacancy or precipitate [1]. The BMG also known as 
amorphous alloys are typically formed through rapid solidification of 
molten metallic systems with cooling rate higher than 100 K/s [2]. Due 
to the exceptional atomic arrangement, such materials achieve superior 
mechanical characteristic, electrochemical resistance, soft magnetic 
properties, and tribological performance and have been extensively used 
in power electronics, aerospace and medical devices [3]. The Under
standing and interpretation of deformation in BMGs are quite necessary 
for since they exhibit unique patterns from predictable crystalline metals 
[4] hence, several researchers have done on this topic [5–9]. It is 
generally believed that the local shear bands that develop from shear 
transformation zones (STZs) [10,11] are responsible for the inhomoge
neous plastic deformation of BMGs [12,13]. Ti-based BMG are one of the 
most well-known amorphous alloys with good elastic limit and con
strained glass forming ability (GFA) [14] and some of them are
Ti45Zr20Be25Ni10 [10], Ti40Zr25Ni3Cu12Be20 [15] and 
(Ti41Zr25Be28Fe6)93Cu7 [16,17].

Nanoindentation instrumental test has been introduced as a 

beneficial method to study contact-based deformation patterns of BMG 
without needing any special sample preparation [3,11]. This nano
mechanical approach has been employed in many research works to 
determine different properties like plastic deformation [18], creep [19], 
hardness [20], elasticity [21] and densification [22]. Due to intrinsic 
difficulty in-situ observation of the deformation progress through 
atomic-scale viewpoint, molecular dynamics (MD) was introduced as a 
powerful tool to advance understanding of deformation mechanism. MD 
method incorporates statistical mechanics in atomic-scale domain to 
investigate the nanomechanical behavior of BMG materials. Huo et al. 
[23] applied MD to analyze the motion routes of Li ions at presence of 
nucleating agent in glass-ceramic alloy considering both thermody
namics and kinetics viewpoints. The structure-mechanical properties 
correlation of Na2O–CaO-Al2O3-B2O3-SiO2 glass was studied by Lulu 
et al. [24] using MD with comparing the elastic modulus and fracture 
toughness as governing criteria in the glass network. Bogtob et al. [25]
studied the progress of shear bands in Al-based BMG and focused on the 
role of interfaces on the atomic readjustment patterns using MD with 
different distribution models of atoms in the structure. Li et al. [26]
studied plastic deformation and failure initiation of Cu/Cu64Zr36 
amorphous composites under shock loading in presence of voids by 
application of MD simulation. Wang et al. [27] evaluated the effect of Y 
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addition, calculation domain dimension and indenter geometry on 
nanomechanical behavior of the amorphous/crystalline Mg-based alloy 
by MD simulation. Luo et al. [28] studied the compressive and tensile 
mechanical properties of Zr-based BMG having different crystallization 
level and local shear strain orientation through structure. Celtek et al. 
[29] assessed glass formability and structural properties of Zr50Cu50-xAlx 
BMG by MD taking Al element addition in icosahedral ordering process 
into account. Annamareddy et al.[30] focused on the source of the lower 
activation energy of surface to bulk diffusion in Cu50Zr50 BMG and 

suggested that the diffusion below glass temperature can be stated as a 
superposition of two activated processes i.e., cage-breaking and jump 
barrier overcoming energies. Adjaoud et al. [31] evaluated the micro
structure evolution, void closure and superficial segregation of Pd80Si20 
and Cu64Zr36 alloys after cold densification by MD simulation of 
nano-sized BMG spheres. In this paper, MD approach is employed to 
study the nanomechanical behavior of (Ti41Zr25Be28Fe6)93Cu7 BMG and 
obtain data validated against instrumental nanoindentation experi
ments. The effects of loading velocity and indenter radius, on material 

Fig. 1. (a) Md model of (Ti41Zr25Be28Fe6)93Cu7 sample created by four main atoms (red = Ti, yellow = Be, green = Zr and blue = Cu) and (b) hcp crystal structure of 
BMG sample.

Fig. 2. The z-axis views of element distribution in amorphous sample: (a) Ti, (b) Be, (c) Zr, (d) Cu.
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properties was systematically investigated. In addition, the tensile me
chanical properties of this alloy on amorphous and crystalline state had 
been also simulated and the results were discussed in detail.

2. Experimental procedure

The (Ti41Zr25Be28Fe6)93Cu7 (nominal composition in at%) amor
phous alloy with dimensions of 50 × 5 × 5 mm was prepared through 
melting of constituent elements (Ti-Zr-Be-Fe-Cu with 99.9 % purity) 
followed by casting in Cu mold under Argon atmosphere. In order to 
avoid unwanted segregation and heterogeneity, casted BMG ingot was 
melted three times under an inert gas atmosphere. The achieved mate
rial was examined by X-ray diffraction (Bruker – D8 advance) with Cu- 
Kα radiation, and transmission electron microscope (TEM)(ZEISS 
LEO912 microscope operating at 120 kV) was used to determine non- 
crystalline crystal arrangement of studied material. The instrumented 
nanoindentation test was performed using a Triboscope nano-indentor 
from Hysitron with a spherical tip connected on a contact-mode 
atomic force microscope (AFM).The thermal drift interference was 
considered less than 0.005(nm

s )using a special fixture in the air media 
before loading step initiation [32].

2.1. Simulation method and molecular model

2.1.1. MD Simulation methodology of nanoindentation
Fig. 1(a) shows the utilized simulation model of (Ti41Zr25Be28

Fe6)93Cu7 crystal sample which was created including four main ele
ments of this alloy (e.g. Ti, Zr, Be and Cu) regarding to simplify the 
simulation. In addition, hcp lattice had been created with four basis 
atoms according to Fig. 1(b). The size of the sample was 

118 × 118 × 46.86 Å in x, y and z direction respectively. Boundary 
conditions along all three dimensions were assumed periodic, and the 
time step for the simulations was set as 1 fs [33], which is very small 
compared to the oscillation frequency between indenter and sample 
atoms. As it was mentioned in many experiments before [34,35], the 
BMG preparation method from a crystal sample can be achieved by 
melting and quenching [36]. First of all, BMG was initially relaxed at 
300 K, then it was heated quickly to 973 K under the heating rate of 
50 K/ps to melt the sample. After that the melted sample was kept at 
973 K for 1000 ps to equilibrate, followed by quenching quickly under 
cooling rate of 20 K/ps to initial temperature (300 K) [16]. To minimize 
the energy of the amorphous sample after quenching, the conjugate 
gradient (CG) algorithm was used for another 1000 ps. Fig. 2 represents 
the element distribution of the amorphous sample. As it can be seen the 
distribution of all elements is random [33] and there is no long-range 
order in the BMG sample according to Fig. 3, and the whole sample 
shows non-crystal structure. A rigid diamond indenter was built with a 
3.57 lattice parameter and 10, 15 and 20 Å radius in order to investigate 
the effect of indenter size. Moreover, the indentation load was applied in 
z direction with a velocity of 0.1, 0.15 and 0.2 ( Å

ps) in order to investigate 
the effect of indentation velocity in mechanical properties of BMG 
sample.

All the crucial parameters of MD simulation of nano indentation test 
are listed in Table 1.

The BMG bulk sample consisted of three kinds of atom layers; 8 Å of 
boundary atoms at the bottom of sample to prevent atomic motion, 8 Å 
of thermostat atoms with constant temperature of 300 K, and Newtonian 
layer atoms which obeys the classic Newton’s second law. In addition, 
NVE microcanonical ensemble was used in both the relaxation and 
nanoindentation simulations steps, and OVITO software is employed to 
visualize the atomistic configurations [33–35].

The embedded atom method potential (eam/alloy) was used for 
interatomic potential between Ti, Be, Zr and Cu in BMG sample ac
cording to Eq. (1), in which the total energy Ei of an atom I is given by: 

Ei = Fα (
∑

j∕=i
ρβ (ri j)) +

1
2
∑

j∕=i
φαβ (ri j) (1) 

where F is a function of the atomic electron density (ρ); α and β are the 
element types of atoms I and J, respectively; and φ denotes the pair 
potential interactions. EAM interatomic in-tractions potential, which 
was developed by Zhou et al. [37], Wang et al. [38] and Celtek et al. [33]
has been extensively used and validated to liquid and amorphous sys
tems. Its ability to adapt to heterogeneous environments and accurately 
handle amorphous and nanostructured phases further demonstrates its 
versatility for simulating a wide range of materials. Taken together, 
these results highlight the exceptional reliability of Zhou’s EAM [37]
potential for modeling complex material systems [33].

Therefore, “CuAgAuNiPdPtAlPbFeMoTaWMgCoTiZr_Zhou04.eam. 
alloy” potential file [37] was selected to be used in this research, and Ti 
considered instead of Be [39], because of their similarity in atomic 
radius, electronegativity, and electron density [40]. In addition, 
research findings reveal that in the absence of chemical interactions 
between atoms, long-range Vander Waals interactions can describe the 
interatomic interactions.Thus, the interatomic potential between 
indenter atoms (C) and Ti, Be, Zr and Cu atoms in substrate was modeled 
using the Lennard–Jones potential, with the relevant potential energy 
based on Eq. (2):[41]

E = 4ε[(σ
r

)
12
− (

σ
r

)
6
]r < r0 (2) 

where the distance between two atoms is r, r0, σ, and ε are potential 
parameters, which have different constant values for different inter
acting atomic species.

The used lj potential coefficients in this research are listed in Table 2. 

Fig. 3. Structure of BMG sample having no long-range order atomic 
arrangement.

Table 1 
Parameters used for MD simulations of nanoindentation test in this study.

Parameter Sample Diamond Indenter

scale 118 × 118 × 46.86 Å Radius 10, 15 and 20 Å
atomicity 37,660 738
Boundary conditions p p p -
Time step 1 fs -
Indentation speed

0.1, 0.15 and 0.2 (
Å
ps
)

-

Initial temperature 300 K -

Table 2 
Lennard–Jones potential coefficients between different atoms used in this study.

Pair σ (Å) ε (eV) Ref.

Ti-C 3.75 0.00314 [39]
Zr-C 3.974 0.0548 [38]
Cu-Cu 2.338 0.4093 [41]
C-C 4.18 0.3050 [42]
Cu-C 3.259 0.3533 Eq.(3)
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It should be mentioned that to calculate lj potential coefficient of Cu-C 
Lorentz-Berthelot mixing rules was used according to Eq. (3)[42], and 
they were listed in the last two rows of Table2. 

εA− B =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
εB ∗ εA

√
, σA− B =

σA + σB

2
(3) 

In addition, since lj potential coefficient of Be has been not developed 
yet, the lj potential coefficient of Ti was substituted, because between Ti, 
Zr and Cu atoms in chemical composition of(Ti41Zr25Be28Fe6)93Cu7, Ti 
has the nearest amount of atomic radius, electronegativity, and electron 
density to Be. These three parameters affect the lj potential coefficients 
of elements more strongly than other atomic properties [40].

2.1.2. Simulation of tensile test
A crystal sample with the size of 29.5 × 118 × 23.43 Å in x, y and z 

respectively, was produced to apply a uniaxial tensile test in y direction 
(Fig. 4). Then to create amorphous sample, the crystal sample was 
heated and quenched according to procedure which was mentioned in 
Section 2.1.1, and three different velocities of 0.01, 0.015 and 0.02 (Å

ps)

for applying force were set at the constant temperature of 300 K to both 
crystal and amorphous samples. The main parameters of tensile test MD 
simulation are displayed in Table 3. After that, the curve of engineering 
stress vs. engineering strain was plotted to determine Young’s modulus 
of each sample in different tensile velocities.

3. Result and discussion

3.1. Material characterization

The results of XRD and TEM of the as-cast sample (amorphous 
sample) are presented in this section. In addition, the mean-squared 
displacement (msd) of the group of atoms in crystal sample and the 
radial distribution function (RDF) also called g(r) plot extracted from 
MD simulation results are displayed in this section to confirm that the 
procedure of converting crystal sample to amorphous was applied 
correctly in MD simulation.

The XRD spectra of the (Ti41Zr25Be28Fe6)93Cu7 BMG material in the 
as-cast situation is indicated in Fig. 5. As seen,a wide-ranging extended 
peak appears at about 2θ = 18◦ with no high-pitched diffraction index 
resulting from any crystalline phase even in partial mode. The studied 
material is known to be homogeneous and with no long-range structural 
order as such lack of long-range order can in static mode be interpreted 
as glass structure. Fig. 6 illustrates the TEM micrograph and selected 
area electron diffraction (SAED) representation of the (Ti41Zr25Be28

Fe6)93Cu7 sample. There exists no noticeable crystalline phase in the 
TEM image while the SAED outline shows a broad halo without any 

Fig. 4. The initial crystal sample created by four main atoms (red = Ti,yel
low=Be,green = Zr and blue = Cu) for conducting tensile test.

Table 3 
Parameters used for MD simulations of tensile test in this study.

Parameter Sample

scale 29.5 × 118 × 23.43 Å
atomicity 16,505
Boundary conditions s s p
Time step 1 fs
Applied force velocity

0.01, 0.015 and 0.02 (
Å
ps
)

Initial temperature 300 K

Fig. 5. XRD pattern of the as-cast(Ti41Zr25Be28Fe6)93Cu7 sample.

Fig. 6. TEM image and related SAED pattern of the as-cast(Ti41Zr25Be28

Fe6)93Cu7 sample.

Fig. 7. Plots of msd vs. step of crystal sample during heating.
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characteristic diffraction rings or spots arrangement. Hence, the 
microstructure of the studied alloy in the mentioned as-cast state can be 
considered completely amorphous.

Fig. 7 displays the mean-squared displacement (msd) of the group of 
atoms in crystal sample vs. step number. The slope of msd versus step 

(temperature) is proportional to the atomic diffusion coefficient. 
Therefore, it can be concluded that the first part of the msd curve with 
the slope of zero is related to the solid state of the crystal sample, in 
which the atomic diffusion coefficient is almost zero. With increasing 
step number, and subsequently sample temperature, atomic diffusion 
coefficient increases, as well as the sample starts melting. Thus, the point 
of slope changing can be contributed to melting point of crystal sample, 
which was marked with a red point on the msd curve, and it equals to 
temperature of 970 K. Therefore, it is obvious that the crystal sample 
was melted at 970 K, and after quenching with high cooling rate, it is 
converted to an amorphous sample which is in accordance with previous 
researches [16,17].

Fig. 8 shows the radial distribution function (RDF) also called g(r) 
plot, and the coordination number for a group of particles in crystal 
sample, melted sample, and quenched sample. The RDF explains the 
distribution of distance between atoms, which provides atomic scale 
structural information, and displays the short-range order (SRO)in the 
material [38]. There are three distinct and sharp peaks, which charac
teristic of crystal structure of materials, in interatomic distances of 3, 4 
and 5 Å. These interatomic distances represent the probability of finding 
an atom at a certain distance from another atom, in other words, it is a 
representative of the existence atomic order in the structure of materials. 
As it can be inferred from Fig. 8, with increasing temperature of crystal 
sample, the distance between atoms increases in the melted sample, 

Fig. 8. Plots of partial RDF vs. interatomic distance of crystal sample, melted 
sample and quenched sample.

Fig. 9. load-displacement curve of BMG sample.

Fig. 10. The load–displacement curves at indentation velocity of 0.1 ( Å
ps)with 

indenter radius of 1 nm for crystal and amorphous samples.

Fig. 11. The load–displacement curves of crystalline samples at indentation 
velocity of 0.1 ( Å

ps) with different indenter radius of 1 and 1.5 nm.

Fig. 12. The load–displacement curves of amorphoussamples at indentation 
velocity of 0.1(Å

ps) with different indenter radius of 1 and 1.5 nm.
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subsequently the intensity of peaks reduces, and they are a bit broad
ened. After quenching the melted sample with the cooling rate of 
20 K/ps, an amorphous sample was built without a long-range order of 
atoms, leading to reducing the peaks intensity and disappearing the 
second peak.

3.2. Nanoindentation test results

To have a good comparison between a real nanoindentation test and 
MD simulation result, a nanoindentation test was applied on the surface 
of the amorphous sample, and the amount of hardness and Young’s 
modulus of the amorphous sample was calculated to be compared with 
MD simulation results. Fig. 9 represents the load-displacement curve of 

Fig. 13. The xy plane view of (a,b) crystal samples, and amorphoussamples (c,d) at indentation velocity of 0.1(Å
ps) with different indenter radius of 1 and 1.5 nm.

Fig. 14. The load–displacement curves of crystal samples with indenter radius 
of 0.8 nm and at different indentation velocity of 0.1,0.15, and 0.2 ( Å

ps).

Fig. 15. The load–displacement curves of amorphous samples with indenter 
radius of 0.8 nm and at different indentation velocity of 0.1,0.15, and 0.2 ( Å

ps).
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amorphous sample obtained from a real nanoindentation test indenta
tion velocity of 0.25 (μN

s ).The maximum applied force in the nano
indentation test was 10 × 103 µN, and the penetration depth of the 
spherical indenter on the surface of the sample was about 27 nm. Fig. 9
provides critical understanding of material’s elastic and plastic proper
ties. The load-displacement curve includes loading and unloading steps, 
and its shape has effect on hardness (H) and Young’s modulus (E) of 
material [43,44]. During loading, the indenter penetrates the material, 
and the curve reflects both elastic and plastic deformation.While 
unloading curve reflects elastic recovery, and its necessity for extracting 
Young’s modulus. The slope of unloading curve reflects elastic recovery, 
and it is used to calculate (E) via the Oliver-Pharr method.To calculate 
material mechanical properties such as hardness and Young’s modulus 
values for all the load-displacement curves in this research, Oliver and 
Pharr method has been used. The hardness H is defined as the material’s 
resistance against local plastic deformation, which was calculated ac
cording to Eq. (4) [45]

H = Pm/Ac (4) 

Ac is the projected contact area on the surface of the sample after 
conducting a nanoindentation test, and it was 2689.180 nm2.

Moreover, S which represents the contact stiffness in the unloading 
curve at hmax is calculated according to Eq. (5) [45]

S = (
dP
dh

)h=hmax
(5) 

Eq. (6) and (7) are used to obtain the amount of Young’s modulus (E) 
using nanoindentation test results. 

1
Er

=
1 − ν2

i
Ei

+
1 − ν2

E
(6) 

Er =

̅̅̅
π

√

2β
S̅̅
̅̅̅

Ac
√ (7) 

Table 4 
The properties of crystalline and amorphous samples calculated by MD simulations.

Crystal sample Amorphous sample

Property H (Gpa) E (Gpa) H (Gpa) E (Gpa)

Indenter radius (Å) 8 10 15 8 10 15 8 10 15 8 10 15

Indentation velocity = 0.1 (
Å
ps

)
7.5 7.15 6.75 112 115 120 6.6 6.2 5.8 109 112 117

Indentation velocity= 0.15(
Å
ps

)
7.8 7.4 6.9 118 122 124 6.9 6.3 6 111 120 121

Indentation velocity= 0.2(
Å
ps

)
7.95 7.8 7.3 122 125 129 7.2 7 6.4 117 123 127

Fig. 16. Stress distribution across xz plane of crystal samples under conducting 
nanoindentation test with indenter radius of 0.8 nm and a) loading velocity of 
0.1( Å

ps),b) 0.15(Å
ps). and c)0.2( Å

ps).

Fig. 17. Stress distribution across thexz plane of crystal samples under con
ducting nanoindentation test with loading velocity of 0.1( Å

ps).and a) indenter 
radius of 0.8 nm, b) 1 nm, and c) 1.5 nm.
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where Ei= 1141 GPa (the Young’s modulus of the diamond inden
ter),νi= 0.11 (Poisson’s ratio of the diamond indenter), β = 1 (a constant 
related to indenter shape), ν = 0.32 (the Poisson’s ratio of the crystal 
sample), and ν = 0.36 (the Poisson’s ratio of the amorphous sample 
during elastic deformation) [46]. Considering Eq. (4)–(7), the amount of 
hardness and Young’s modulus of (Ti41Zr25Be28Fe6)93Cu7 amorphous 
sample had been calculated 6.7Gpa and 118Gpa respectively, which are 
in good agreement with previous paper.

In addition, nanoindentation tests on the surface of crystal and 
amorphous samples, had been simulated using LAMMPS, and the load- 
displacement curve, stress distribution across the sample and atomic 
position of samples after conducting nanoindentation test had been 
investigated.To compare the response of (Ti41Zr25Be28Fe6)93Cu7 crystal 
and amorphous samples in nanoindentation test, load-displacement 
curves of both of the samples under the same situation (Indenter radi
us= 10 Å, indentation velocity = 0.10 (Å

ps)) was plotted in Fig. 10. 
Although simulated nanoindentation test was conducted in displace
ment control mode, indentation depth of amorphous samples is a bit 
larger than crystal samples [47] (as the experienced force in Fig. 10 in 
both samples is almost equal), which means amorphous sample has 
smaller amount of hardness compared with crystal sample. However, 
Fig. 10 reveals that the area under the load-displacement curve for 
amorphous samples is a bit bigger than that of crystal samples. It should 
be considered that MD simulated results are not reliable to compare 
material’s toughness because it has some methodological limitations, 
and it does not consider microstructural complexities of materials due to 
too localized testing zone [48]. Previous studies confirmed that amor
phous sample absorbs more energy during deformation, because amor
phous material such as BMGs often experience homogeneous plastic 
flow, which causes easier atomic rearrangement and energy absorption 
[49,50].

Fig. 11 represents the load vs. displacement curves of (Ti41Zr25

Be28Fe6)93Cu7 crystal samples under constant indentation velocity (0.1 
(Å
ps))with different radiuses of indenter (1 and 1.5 nm). It is observed that 

when the diamond indenter gradually moves down in z direction and in 
a distance of about 3 Å for both sizes of indenters, an adsorption phe
nomenon can be seen. In these moments, the indenter is subjected to a 
negative force, which shows adsorption force between the sample and 
indenter. However, with increasing the indenter radius, the area of 
adsorption phenomenon increases as well [45,51]. In addition, although 
the diamond indenter with larger radius at constant indentation velocity 
and indentation depth, experiences larger force, previous researches 
confirmed that the hardness of samples reduced with increasing the 
indenter radius. It can be attributed to the larger contact area of bigger 
indenter with the sample, which applies the force over a larger volume 
of samples, reduces localized stress, and reduces hardness value. 
Conversely, the sharper indenter (with lower indenter radius) concen
trated stress over a smaller area which led to bigger value of stress, and 
larger value of hardness. The same trend has been observed for con
ducting nanoindentation test on the surface of (Ti41Zr25Be28Fe6)93Cu7 
amorphous sample with different indenter radius (1 and 1.5 nm), and 
the relevant results were indicated in Fig. 12. Simulated profilometer of 
the crystal and amorphous sample surfaces after indentation is shown in 
Fig. 13. This illustration confirms the fact that increasing the radius of 
diamond indenter, cause increasing in the contact area, and indentation 
depth samples.

Another attempt of this research is investigation of the effect of 
indentation velocity in the mechanical properties of (Ti41Zr25Be28

Fe6)93Cu7 crystal and amorphous samples. The load-displacement 
curves of crystal and amorphous samples with indenter radius of 
0.8 nm at different indentation velocities of 0.1,0.15 and 0.2 (Å

ps) was 

Fig. 18. Stress distribution across the xz plane of amorphous samples under 
conducting nanoindentation test with indenter radius of 1.5 nm and a) loading 
velocity of 0.1(Å

ps ), b) 0.15(Å
ps ), and c) 0.2(Å

ps).
Fig. 19. Stress distribution across the xz plane of amorphous samples under 
conducting nanoindentation test with loading velocity of 0.2 (Å

ps), and a) 
indenter radius of 0.8 nm, b) 1 nm, and c) 1.5 nm.
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plotted in Figs. 14 and 15. As it can be seen, increasing indentation 
velocity has the same effect on crystal and amorphous samples, so that 
with increasing the indentation velocity, the sample showed bigger 
hysteresis loop, in addition, higher applied loads in the same indentation 
depth have been observed for both samples when the indentation ve
locity was 0.2 (Å

ps). Thus, it can be concluded that strain rate sensitivity 
(SRS) of these sample is positive [52], which will be studied in Section 
3.4. Since the MD simulation of nanoindentation test has been per
formed in displacement control mode, the effect of indentation velocity 
on indentation depth has not been discussed. Moreover, increasing 

indentation velocity caused to occurrence of pop-in in curves to the 
bigger indentation depth [52]. As a result, pop-in was in 13.5, 14 and 
14.75 Å for crystal samples at the indentation velocities of 0.1, 0.15 and 
0.2 (Å

ps ),respectively. Similarly, pop-in was in 11, 12 and 13 Å for 

amorphous samples at the indentation velocities of 0.1, 0.15 and 0.2 (Å
ps), 

respectively. In addition, increasing the indentation velocities has an 
effect on the area of adsorption phenomenon, and the adsorption area 
increased with increasing indentation velocity in both crystal and 
amorphous samples.

To calculate material’s mechanical properties such as hardness and 
Young’s modulus values for all the curves, Oliver and Pharr method has 
been used according to Eqs. (4)–(7). Other equations to be used in 
simulation result plots are as follows: [35,46]

Ac= π (2R-hc) hc                                                                            (8)

Ac is the projected contact area, and it relates to R (the indenter 
radius) and hc (the projected contact depth).Moreover, hccan be calcu
lated according to Eq.9, in which ε equal to 0.75 for a spherical indenter.
[35,46]

hc = hmax − ε Pmax
S

(9) 

Considering Eq. (4)–(9), the amount of hardness and Young’s 
modulus of (Ti41Zr25Be28Fe6)93Cu7 crystal and amorphous samples 
under different indenter radius and indentation velocities had been 
calculated and they were listed in Table 4.

As it is obvious, calculated hardness andYoung’smodulus from real 
nanoindentation test for an amorphous samplewhich is reported before 
(6.7 and 118 Gpa), is in good agreement with the average amount of H 
and G for amorphous samples in Table 4 (6.48 and 117.4 Gpa).In 
addition, there are a good agreement between calculated hardness and 
Young’s modulus values of amorphous samples with previous research 
[16] which was reported 7.95 and 120 Gpa for hardness and Young’s 
modulus respectively.

Stress distribution of crystal samples across xz plane under con
ducting nanoindentation test with indenter radius of 0.8 nm and 
different loading velocities of 0.1, 0.15 and 0.2(Å

ps)was shown in Fig. 16. 
In all crystal samples some atom layers had been fixed in the bottom of 
samples, and they experienced tension stress from 2.45 to 12 Gpa. 
Moreover, while indenter penetrates into sample, compression stress is 
applied in the atoms of samples especially around the indenter, which 
according to Fig. 16 maximum compression stress is − 10 Gpa. In Fig. 16
atoms had been colored from blue to red, which represents compression 
stress and tension stress respectively. In addition, conducting nano
indentation tests with bigger loading velocity 0.2( Å

ps) at constant 

Fig. 20. Engineering stress vs. engineering strain plots for a) crystal b) amor
phous samples under different velocities of applying load, and c) crystal and 
amorphous samples at constant velocity of 0.02 (Å

ps).

Table 5 
Calculated Young’s modulus of crystal and amorphous samples under different 
velocity.

State
0.01(

Å
ps
) 0.015(

Å
ps
) 0.02(

Å
ps
)

Crystal sample 110 107 104.5
Amorphous sample 105 101.5 97

Fig. 21. Stress distribution of xy plane of initial crystalline sample.
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indenter radius, applied compression stress in more atoms around 
indenter, which caused higher sample hardness, as it was mentioned in 
Table 4.

On the other hand, the effect of indenter radius on the stress distri
bution of crystal samples across thexz plane was illustrated in Fig. 17.As 
it was expected from Fig. 17 and Table 2, increasing the indenter radius 
gave rise to escalating contact area between sample and the indenter, 
decreasing hardness of samples, and increasing the number of atoms 
which withstand compression stress. Due to all of the above-mentioned 
observations, as Fig. 17 and Table 2 displayed before, the hardness of 
(Ti41Zr25Be28Fe6)93Cu7 crystal samples decreased with increasing the 
indenter radius at the constant strain rate.

The same investigation has been applied in the distribution of stress 
across the xz plane of (Ti41Zr25Be28Fe6)93Cu7 amorphous samples, and 
the results have been shown in Figs. 18 and 19. In comparison with 
Figs. 16 and 17 which showed the same figures for crystal samples, it can 
be said that the general distribution of stress across the xz plane is 
inhomogeneous in crystal and amorphous samples. Most of the atoms in 
amorphous samples experienced lower range of stress, which is mainly 
compressive stress, and a smaller number of atoms experienced tensile 

stress in amorphous samples. The more uniform stress distribution in 
amorphous samples compared with the crystal ones, results in homo
geneous deformation, which is known as energy absorption mechanism 
in amorphous material, and lead to higher energy absorption during 
deformation which confirmed by previous research [18,53]. Further
more, some layers of atoms which had been fixed in the bottom of 
samples, were colored in blue, which represented compression stress 
unlike crystal samples.

3.3. Tensile test results

MD simulation of tensile test of the crystal and amorphous samples 
had been conducted, and the amount of calculated Young’s modulus was 
compared with the results of nanoindentation test.Fig. 20 (a–c) repre
sents the flow curves of crystal and amorphous samples under different 
velocities of applying load of 0.01, 0.015 and 0.02 (Å

ps), It is obvious that 
in both samples, increasing velocities of applying load shifts the stress- 
strain curves to an upper amount of stress, which was proved by pre
vious researches [18,52,54]. The value of Young’s modulus was 

Fig. 22. Stress distribution across xy plane of crystal and amorphous samples after conducting tensile test with different parameter.

Fig. 23. Stress distribution across zy plane of crystal and amorphous samples after conducting tensile test with different parameter.
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calculated by fitting a line on the linear part of each graph and obtaining 
its slope, which is almost constant with increasing velocities of applying 
load in each sample. This contributed to the fact that Young’s modulus is 
a characteristic parameter of each material, and it is not affected by 
increasing the strain rate. In addition, Fig. 20-c shows the flow stress 
curves of amorphous and crystal samples at constant velocity of 0.02 (Å

ps). 
It can be inferred that, crystal sample showed higher amounts of Young’s 
modulus due to long range order, whereas random distribution of atoms 
in the amorphous sample led to lack of order which means the trans
mission of stress is less efficient [55]. Higher Young’smodulus of crystal 
sample indicates high resistance to deformation which is typical for 
material with a lattice structure. In contrast, amorphous materials lack 
long-range order, which leads to lower elastic moduli. Determined 
values of Young’s modulus of each curve are presented in Table 5. 
Furthermore, the amount of engineering stress of crystal samples started 
to decrease around engineering strain of 15 %, whereas the amount of 
engineering stress of amorphous samples stayed constant. In the previ
ous research conducting in situ tensile tests in a transmission electron 
microscope was confirmed that metallic glasses showed large tensile 
ductility in the range of 23–45 %, in addition, significant uniform 
elongation and extensive necking was reported [56], which are in good 
agreement with results presented in Figs. 20 and 24.

This phenomenon can be attributed to the fact that amorphous ma
terials can tolerate more energy during deformation as it was mentioned 
in Section 3.1, and they usually experience homogeneous plastic flow 
which was reported in similar study [49].

Fig. 21 shows the stress distribution across the xy plane of crystal 
samples before conducting a tensile test, and it showed uniform stress 

distribution in the sample. To have better judgment, the stress color bar 
was kept in a constant range of − 10 to 12 GPa in Figs. 22–24.

To observe thestress localization after conducting tensile tests in 
crystal and amorphous samples under different strain rates, the stress 
distribution around each atomic site is calculated, as shown in 
Fig. 22using OVITO software. According to the figure, samples experi
ence different amounts of total strain, because the number of steps to 
apply deformation was assumed constant. Therefore, sample experience 
13, 20 and 27 % of strain in strain rate of 0.01, 0.015 and 0.02 (Å

ps)

respectively. At strain of 13 %, both samples showed homogeneous 
deformation and stress localization), while at higher strain rates (0.015 
and 0.02 (Å

ps), samples showed heterogeneous deformation and stress 
localization, especially in the edges of the sample and in y direction. To 
have better vision of stress distribution in the sample thickness, the yz 
plane of samples in the last step of the tensile test are shown in Fig. 23. 
Lots of atoms which are colored with red, experience large amounts of 
tensile stress around 12 GPa, while there are atoms which experience 
compression stress (around − 10 GPa), and they generally exist in the top 
and bottom of the sample. These areas are contributed to fixed parts of 
the sample, the same as grip lengths of the sample in the real tensile test. 
Moreover, when samples showed 20 and 27 % of strain, their shape 
changed from rectangle to dumbbell-shaped, because the samples width 
decreased, their length increased, and the necking began to happen, 
since it was reported that during tensile test,the majority volume of BMG 
samples does not participate to plastic deformation, and severe strain 
localization happened in samples and the necking zone creates[56].To 
have a better view of necking in crystal and amorphous samples, tensile 
tests were conducted till strain of 73 %, and the stress distribution and 
necking zones of the amorphous sample are presented in Fig. 24 [38].

3.4. Strain rate sensitivity (SRS) calculation

In order to determine the amount of SRS for (Ti41Zr25Be28Fe6)93Cu7 
crystal and amorphous samples, flow stress curve of these materials 
under different strain rate was used (Fig. 20(a,b)). The value of SRS is 
obtained from Eq. 10, where σ is stress and ε◦ in relevant strain rate:[36, 
54]

SRS =
∂lnσ
∂lnε◦ (10) 

The amount of strain rate in MD simulation of tensile test can be 
achieved by Eq. (11), where v is the velocity of tensile test andL0 is the 
initial length of samples which equals 118 Å in this research. Therefore, 
the amount of strain rates for velocities of 0.01, 0.015, and 0.02(Å

ps) can 
be determined based on Eq. (11): [52]

ε◦

=
v
L0

(11) 

With plotting the amount of ln(ε◦

) vs. ln(σ)and fitting a linear 
equation on the curves, the amount of SRS is obtained as the slope of the 
lines. These values are 0.14 and 0.012 for crystal and amorphous sam
ples respectively. Research findings reveal that MD studies for most BMG 
reported positive SRS [54]. Also, the obtained positive values for crystal 
and amorphous samples, again confirmed that increasing velocity in 
nanoindentation test resulted in bigger hysteresis loop, in addition, 
higher applied loads in the same indentation depth for both samples.

4. Conclusions

Simulation of nanoindentation and tensile test on crystal and 
amorphous samples of (Ti41Zr25Be28Fe6)93Cu7 was conducted, and the 
results are as follow: 

1. Simulation and experimental results of nanoindentation tests on 
amorphous samples are in good agreement.

Fig. 24. Stress distribution and necking zone across xy plane of amorphous 
sample after conducting tensile test with strain of 73 % and velocity of 0.02(Å

ps).
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2. Increasing indentation velocity in nanoindentation tests of crystal 
and amorphous samples led to increasing hardness, because of 
higher applied loads in the same indentation depth for both samples. 
But increasing indenter size causes decreasing hardness, due to the 
larger contact area of bigger indenter with the sample, and conse
quently reduces localized stress.

3. Simulation of a tensile test showed that amorphous samples can 
tolerate more energy during deformation due to energy absorption 
mechanism in amorphous materials.

4. As it was expected from increasing the amount of hardness with 
increasing the indentation velocity in both samples, the amount of 
SRS for crystal and amorphous was positive, and it had been calcu
lated 0.14 and 0.012 respectively.
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