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Abstract

Molecular dynamics simulations were performed on copper-tantalum FGMs to investigate the mechanical and thermophysical under uniaxial
tensile deformation. Molecular dynamics simulations were carried out to examine the influence of tantalum content, temperature, and strain
rate on mechanical response, plastic deformation mechanisms, atomic mobility, and energy dissipation. The study focuses on analyzing the
properties of one layer of pure copper and another layer of copper with tantalum content varying from 0% to 10%. The applied strain rate
ranged from 10° s™" to 10" s, and the temperature varied from 200 K to 1000 K in intervals of 200 K. This study offers valuable insights into
the high-temperature plastic deformation and thermodynamic behavior of Cu-Ta FGMs. At elevated temperatures, the plastic deformation
mechanism accelerates atomic diffusion and enhances thermal energy transport, thereby minimizing dislocation density and flow stress. This
study offers fundamental insights into the high-temperature deformation and heat-transfer characteristics of Cu-Ta FGMs, supporting their
potential applications in biomedical and aerospace thermal systems. Increasing the Ta content promotes plastic activity within grains and at
grain boundaries at low temperatures, while at higher temperatures the plastic and thermal deformation mechanisms stay like those before Ta
addition. The novelty of this study lies in the combined analysis of mechanical response, thermodynamic parameters, and atomic mobility in
Cu-Ta FGMs under extreme thermo-mechanical loading, offering new insights into high-temperature plasticity and energy transport mech-
anisms. This integrated understanding has not been reported previously and directly supports the development of Cu-Ta FGMs for advanced
biomedical and aerospace thermal applications. These findings contribute to an improved understanding of the coupled thermo-mechanical and
thermodynamic behavior of Cu-Ta FGM:s at the nanoscale and inform the design of novel materials with tailored mechanical and heat-transfer
properties.
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1. Introduction

The importance of functionally graded materials (FGMs) has
increased due to the delamination issues commonly seen in
conventional composite materials. FGMs are advanced en-
gineering materials composed of more than one constituent
phase, in which the material composition varies gradual-
ly across the structure. [1]. Functionally graded materials
(FGMs) are potential substitutes for conventional materials
applications that involve severe operating conditions, such as

turbine blades, coatings, heat-exchanger tubes, and biomedi-
cal implants. Coatings are layers applied to a substrate. Under
harsh working conditions, interlaminar stresses between the
substrate and the coating cause the coating to wear or detach
from the substrate. This wear or the peeling of coatings results
mainly from the abrupt mismatch of material properties be-
tween the coating and the substrate. FGMs help to overcome
these issues because they have a smooth spatial gradation of
material constituents. As a result, FGMs are promising can-
didates for emerging applications such as artificial bones,
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artificial skin, thermoelectric generators, and sports equipment.
[1,2]. FGM initially developed with the purpose of keeping tem-
perature difference between internal and outer layer of spacecraft
[3,4]. Functionally graded materials are the prime materials for high
temperatures applications like combustion chambers for reusable
rockets [5,6].

Laminated metal composites with alternating layers prove unique
mechanical advantages over conventional pure metals or alloys [7].
Copper-tantalum nanomaterials are well suited for medical appli-
cations due to specific material properties such as biocompatibility,
antibacterial activity, and promotion of bone ingrowth [8-12]. Al-
though not all such properties are present, several challenges related
to mechanical properties need to be addressed. As per the earlier
studies, some important consideration for designing are mechanical
properties that need to be taken carefully such as Youngs modu-
lus, yield strength, and ultimate tensile strength (UTS) [13,14] and
during accident loosening of implants.

Earlier researchers mentioned that nature of Cu-Ta, grain size, den-
sity of grain boundaries (GBs), stacking faults (SFs), etc are the cru-
cial factors which need to be addressed to investigate the real prob-
lem of nanomaterials for the purpose of dental implants [14-16].
The dynamic behavior of Flax/E-glass hybrid composite plates was
investigated using experimental modal analysis and FSDT-based
finite element modeling to examine the effects of boundary condi-
tions, ply angle, and aspect ratio; experimental and MATLAB results
showed good agreement. Ceramic-coated exhaust manifolds (TiO,,
Z1r0O;, Al,O;) deposited via plasma arc showed enhanced thermal
performance and reduced residual stresses, with Al,Os providing
the best overall performance [17-19].

Apart from the aforementioned factors, strain rate is an important
parameter to consider in the development of dental implants. Ear-
lier studies have revealed that mechanical behavior is significantly
influenced by strain rate at different stages, such as implant design,
fabrication, post-surgical conditions, and in-service performance
within the human body [20-22]. Al 7075-based metal matrix com-
posites reinforced with 2-8 wt.% Al,O; were fabricated using stir
casting followed by heat treatment to enhance impact strength and
hardness [23-25]. Numerous studies have concluded that strain rate
is a crucial parameter influencing the mechanical behavior of mate-
rials used in polycrystalline-based implants [26,27]. Zhou et al. [28]
investigated the Cu/Ta-based interfacial region and examined the
effect of strain rate, concluding that an increase in strain rate en-
hances interfacial activity, resulting in dislocation transfer between
the phases.

Molecular dynamics simulation is employed to investigate atom-
ic-scale phenomena and is a powerful tool for exploring the
strain-rate-dependent microstructural evolution in nanostructured
FGM [29-31]. Using molecular simulation Pan et al [32]. investigat-
ed the fine grain sample of Ta and reported that flow stress showed
the strongest correlation with strain rate, showing a shift in plastic

deformation mechanisms at different strain levels. Hahn et al [33]
investigated Ta with molecular dynamic simulation and reported
that at low strain rates of 10" - 10" s™, plastic deformation is mainly
due to deformation slip and at higher strain rates 10" s, responsible
mechanism for plastic deformation is grain boundary decohesion
leads to failure. Recent studies have proved that nano-enhanced
phase-change materials significantly improve thermal transport and
energy-storage performance by enhancing thermal conductivity
and phase-change behavior. Furthermore, tri-hybrid nanofluids and
graphene oxide-based systems show superior heat transfer and in-
creased entropy generation, highlighting complex thermodynamic
irreversibility and energy dissipation mechanisms. These findings
collectively emphasize the critical role of nanoparticle interactions
and thermal transport coupling [34-37]. Cu-Ta FGMs subjected to
different strain rates and showing plastic deformation mechanisms
at various temperatures have rarely been investigated at the atom-
ic scale. The mechanisms of plastic deformation in nanomaterial,
making them difficult to investigate experimentally.

Several earlier studies have investigated the mechanical behavior
of Cu-Ta alloys and multilayered systems under different strain
rates and temperature conditions. Earlier molecular dynamics
investigations have primarily focused on tensile behavior, disloca-
tion evolution, grain-boundary activity, strain-rate sensitivity, and
deformation mechanisms in conventional Cu-Ta nanoalloys or
multilayer structures. However, limited attention has been given to
Cu-Ta functionally graded materials (FGMs), particularly about the
coupled thermo-mechanical and thermodynamic behavior under
simultaneous temperature and strain-rate variations. In addition,
the combined influence of plastic deformation, atomic mobility,
defect evolution, and energy dissipation mechanisms in graded
Cu-Ta systems at the nanoscale has not been comprehensively ex-
plored. The present study differs from earlier investigations in that
it examines a functionally graded Cu-Ta configuration with grad-
ual compositional variation using molecular dynamics simulations
across a wide range of temperatures and strain rates. Earlier studies
that primarily focused on isolated mechanical responses. Further-
more, advanced structural analysis techniques, including Polyhe-
dral Template Matching (PTM), Dislocation Extraction Algorithm
(DXA), Centro-Symmetry Parameter (CSP), and grain segmenta-
tion analysis, are employed to gain deeper insights into deformation
and defect mechanisms. This comprehensive approach provides a
new understanding of the coupled thermo-mechanical response of
Cu-Ta FGMs and supports their potential application in advanced
biomedical and aerospace thermal systems. This investigation aims
to understand the coupled thermo-mechanical and thermodynamic
behavior of Cu-Ta functionally graded materials at the nanoscale.
Molecular dynamics simulations were carried out to examine the
influence of tantalum content, temperature, and strain rate on me-
chanical response, plastic deformation mechanisms, atomic mobil-
ity, and energy dissipation. This study offers fundamental insights
into the high-temperature deformation and heat-transfer character-
istics of Cu-Ta FGMs, thereby supporting their potential application
in aerospace thermal systems.
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To investigate the mechanical response of the Cu-Ta functionally
graded material (FGM), simulations were carried out under five
different temperature conditions (200, 400, 600, 800, 1000) at a fixed
strain rate of 1x10’ sec . In addition, at a constant temperature of
400 K, the strain rate was varied from 1 x 10°sec' to 1 x 10" sec .

2. Simulations methodology

The present study employed MD simulations to investigate Cu-Ta
FGM at different strain rates and temperatures. The applied strain
rates are significantly higher than experimental loading conditions
due to the intrinsic time-scale limitations of MD simulations;
however, such strain rates are commonly adopted to investigate
atomistic deformation mechanisms within computationally possi-
ble timescales. Furthermore, the Cu-Ta FGM model consists of an
idealized nanoscale structure with controlled compositional grad-
ing and limited first defects, while real engineering materials may
show microstructural heterogeneity, impurities, residual stresses,
and manufacturing-induced imperfections. Therefore, the present
results should primarily be interpreted as offering qualitative insight
into the fundamental thermo-mechanical and deformation mech-
anisms governing Cu-Ta FGMs at the nanoscale. The dimensions
of the simulation model were chosen to balance computational
efficiency and the correct representation of nanoscale deformation
mechanisms. The model, which consists of 128,000 atoms - 50% of
the specimen composed of pure Cu and the remaining 50% consist-
ing of Cu-10%Ta with a linear compositional gradient sufficiently
large to capture dislocation nucleation, grain boundary evolution,
interface interactions, and thermally activated atomic motion
during tensile deformation. The relatively small thickness of 2 nm
was chosen to reduce computational cost while preserving the es-
sential atomistic mechanisms governing the thermo-mechanical
response of the Cu-Ta FGM system. Similar nanoscale dimensions
and thicknesses have been widely used in earlier molecular dynamics
investigations of metallic multilayers and nanostructured materials.
Periodic boundary conditions were applied in all three directions
to minimize artificial free-surface effects and to approximate bulk
material behavior during deformation. In the present Cu-Ta func-
tionally graded system, periodicity ensures continuity of atomic in-
teractions and avoids nonphysical edge-stress concentration effects
that could influence deformation behavior. The graded Cu-Ta inter-
face was constructed by a compositional transition from pure Cu to
Cu-10%Ta regions to minimize abrupt lattice mismatch and interfa-
cial instability. This compositional gradient reduces localized stress
concentrations and promotes stable interfacial bonding between the
FCC Cu and BCC Ta phases. Prior to tensile loading, the structure
was subjected to energy minimization using the conjugate-gradient
method to cut residual stresses and unstable atomic overlaps near
the interface and grain-boundary regions. After minimization, the
system was equilibrated to obtain a thermodynamically stable atom-
ic configuration before applying uniaxial tensile strain. This relax-
ation process ensures that the observed deformation behavior orig-
inates from the intrinsic thermo-mechanical response of the Cu-Ta
FGM rather than from other sources, artificial first stress effects. The

model consists of 128,000 atoms, 50% of the specimen is composed
of pure Cu, and the remaining 50% is composed of Cu-10%Ta with a
linear compositional gradient. The structure includes one Cu crystal
with a face-centered cubic (FCC) lattice and one Ta crystal with a
body-centered cubic (BCC) lattice, with lattice parameters of 3.615
A and 3.306 A, respectively. Table 1 is the simulation parameters
used in the present study.

Table 1. Simulation Parameters for Cu-Ta FGM

Parameters Specifications
Number of atoms 128,000
Timestep 1fs

Boundary conditions
Potential
Strain rate variations (sec'l)

Temperature variations (K)

Periodic in all three Direction
Embedded Atom Method
1x10%, 1 x10°,1 10" ,1 x10"
200, 400, 600, 800, 1000

2.1. Simulation model, and interatomic potential

The present MD simulations are influenced by several modeling
parameters, including the choice of interatomic potential, time-
step size, boundary conditions, strain rate, and simulation domain
dimensions. The EAM potential employed in this work has been
previously confirmed for Cu-Ta systems and metallic nanostruc-
tures, providing reliable predictions of deformation and thermo-
dynamic behavior. A time step of 1 fs was used to keep numerical
stability during tensile loading. Although the absolute quantitative
values may vary with simulation scale and loading conditions, the
observed trends in mechanical response, defect evolution, and
temperature-dependent plasticity remain consistent across the in-
vestigated conditions, supporting the qualitative robustness of the
present model. However, uncertainties associated with nanoscale
dimensions and high MD strain rates should be considered when
comparing with bulk-scale experimental behavior. In the current
study, the simulation model dimensions in the x and y directions
were 16 x 16 nm, with a thickness of 2 nm in the z direction. A
uniaxial tensile simulation test is performed in the x direction. An
energy minimization method was used to remove prestress in the
materials. To avoid overlap between grain boundaries, the conju-
gate gradient method for energy minimization is employed at grain
boundaries. Interatomic potential plays the most significant role.

In present study, potential developed by Zhou et al 2004 [38] was
used for the simulation process. The interatomic potential, the em-
bedded atom method (EAM), and the conjugate gradient method
for energy minimization were important parameters in the present
simulation.



Journal of Thermal Engineering, 12(5), 2026

1840

2.2. Simulation and visualization software packages

MD simulation was completed with the help of large-scale atomic/
molecular massively parallel simulator (LAMMPS) [39]. The OVI-
TO software was used to analyses the microstructure and visualize
the Cu-Ta FGM sample prepared for the tensile test. OVITO (Open
Visualization Tool) is a widely used, open-source software package
for the post-processing, visualization, and analysis of atomistic sim-
ulation data generated by molecular dynamics simulations. In the
present study, OVITO was employed to visualize the atomic config-
urations and analyze deformation mechanisms in Cu-Ta function-
ally graded materials during uniaxial tensile loading. The software
enables detailed structural analysis through tools such as common
neighbor analysis (CNA), centrosymmetric parameter (CSP), and
dislocation extraction algorithms (DXA), which help find crystal
structures, defects, dislocations, grain boundaries, and stacking
faults. OVITO also eases the evaluation of atomic displacement, lo-
cal strain distribution, and temperature-dependent atomic mobility,
offering clear insight into plastic deformation and thermodynamic
behavior at the nanoscale. Its robust visualization and quantitative
analysis capabilities make OVITO an effective tool for interpreting
the mechanical and thermo-physical responses seen in MD simu-
lations. [40]. In all simulations, the crystal structure was examined
using common neighbor analysis (CNA) and dislocation length
variations and interactions were studied using DXA. The samples
were generated using the three-dimensional Voronoi tessellation
method [41]. Monitoring the sample after phase transition was seen
by the Polyhedral Template Matching (PTM) [42]. In present study
Centro-Symmetry Parameter (CSP) analysis was used to find the
defects and dislocations in the sample after tensile test [43].

Figure 1 depicts the Cu-Ta FGM structure before and after minimi-
zation. The copper-tantalum sample was prepared with 50% pure
copper, and the remaining 50% as a functionally graded material
composed of 90% copper and 10% tantalum, with the percentage
of tantalum varying from the center to the extreme right corner.
Figure 1 (a) is the Cu-Ta FGM before minimization, but Figure 1
(b) is the Cu-Ta FGM after minimization and relieving pre-stress.
Figure 1(c) is the Cu-T FGM, after a certain applied strain; stress
generation transforms the single-crystalline structure into a poly-
crystalline one. In Figure 1(c), the right side of the Cu-Ta FGM has
11 grains, which is attributable to significant deformation in that
region of the sample. The unstrained structure in Figure 2(a) and the
strained structure in Figure 2(b) are the structures before and after
deformation up to 0.11% strain and help to clarify changes in the
materials’ atomic structure.

Pure Cu Cu - Ta FGM

yL X Cu-TaFGM Before Minimization

Cu - Ta FGM After Minimization

Pure Cu Cu -Ta FEGM

L

Figure 1. Cu-Ta FGM structure (a) before minimization (b) after
minimization (c) after application of stress

Cu-TaFGM After initial Stress

Figure 2. Cu-Ta FGM structure different strain level (a) unstrained
structure at 0% (b) strained structure at 0.11%

In Figure 2(b), the Ackland-Jones analysis is used to find local atom-
ic structures based on their local bonding mechanisms in the Cu-Ta
FGM. The different structure of the Cu-Ta FGM can be seen in Fig-
ure 2(b). Nanoscale systems typically show behaviors such as, higher
clear strength, enhanced strain-rate sensitivity, limited dislocation
activity, grain boundary-dominated deformation mechanisms,
which may differ quantitatively from bulk material behavior due to
the reduced dimensions and extremely high strain rates inherent to
MD simulations. Despite these scale limitations, MD simulations
stay highly valuable for revealing the underlying atomistic mech-
anisms governing deformation and energy dissipation, which are
often difficult to see experimentally. The trends seen in the present
work, such as the reduction in strength with increasing temperature
and the increase in resistance at higher strain rates, remain physical-
ly meaningful and qualitatively consistent with experimentally seen
metallic behavior.
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2.3. Validation of present model with benchmark model

A simulation was performed to confirm the present model against
available results in the literature. Similar parameters were used for
the simulation as those adopted by Gupta et al. [44], such as periodic
boundary conditions, a temperature of 300 K, a strain rate of 1 x
107°, a time step of 1 femtosecond, and the EAM potential.

0.0 o1 02 03 04 05

T T
e oo Guptaetal 2022
= Present Model of Cu-Ta

Engineering Stress (GPa)

T T
0.0 0.1 0.4 0.5

Engineering Strain

Figure 3. Validation of the present model with existing MD model
Gupta et al [44]

Figure 3 shows that the present model is in good agreement with the
Gupta et al. model, which confirms the reliability of the simulation
approach. However, an error of 1.5% was seen in the fracture and
neck zones, which is within an acceptable range. This error arises
from variations in the number of atoms in the current model. The
percentage variation of the calculated mechanical properties was
small and did not significantly affect the overall thermo-mechanical
trends or deformation mechanisms saw in the study. The domi-
nant deformation features, including dislocation nucleation, grain
boundary activity, and defect evolution, remain consistent across
repeated simulations. Potential sources of uncertainty such as ther-
mal noise, local atomic rearrangement, and sensitivity to first atomic
configurations are inherent to molecular dynamics simulations but
can be minimized by energy minimization and equilibration prior
to loading.

These results confirm the robustness and reliability of the present
simulation method for investigating the thermo-mechanical be-
havior of Cu-Ta functionally graded materials. The reliability of
the present MD framework is supported not only through direct
benchmark comparison with published results, but also through the
consistency of the obtained thermo-mechanical trends and defor-
mation mechanisms with previously reported atomistic studies on
Cu-Ta systems. The adopted EAM potential and simulation method
have been widely used to investigate plastic deformation, strain-rate
sensitivity, and thermodynamic behavior in metallic nanostruc-
tures, thereby supporting the robustness of the present simulations
under the investigated loading conditions. The mechanical proper-
ties obtained and deformation trends are in reasonable agreement
with previously reported MD studies of Cu-Ta and nanocrystalline
Ta systems. The observed increase in flow stress with strain rate

and reduction in strength with increasing temperature are consis-
tent with the findings reported by Gupta et al. [14-16,27], Pan et al.
[32], and Hahn et al. [33]. Furthermore, the deformation mecha-
nisms involving dislocation evolution, grain boundary activity, and
thermally activated atomic mobility qualitatively agree with earlier
atomistic investigations. The mechanical properties predicted in the
present study are in good agreement with earlier molecular dynam-
ics investigations of Cu-Ta systems and nanocrystalline tantalum.
Gupta et al. [14-16] reported yield strength values in the range of
approximately 3-6 GPa for Cu-Ta nanoalloys under varying strain-
rate and temperature conditions, which is comparable to the present
predicted yield strength values ranging from 3.6 GPa to 8.72 GPa
depending on strain rate. Similarly, Pan et al. [32] saw significant
strain-rate strengthening in nanocrystalline tantalum, where the
flow stress increased considerably with increasing loading rate due
to restricted dislocation mobility, which is consistent with the pres-
ent findings. The predicted Young’s modulus values in the present
work (36-54 GPa) are consistent with earlier atomistic studies of
Cu-based nanostructured systems, which show that elastic stiffness
increases under higher strain-rate loading conditions. Hahn et al.
[33] reported that deformation behavior in tantalum transitions
from dislocation-mediated plasticity to grain-boundary-dominated
failure mechanisms at extremely high strain rates, which correlates
well with the increased defect accumulation and rapid stress evolu-
tion seen in the present Cu-Ta FGM simulations.

3. Result and discussion

In the present study, MD simulations were used to investigate the
behavior of Cu-Ta FGM. The sample has been constructed in such a
manner as to see the functionally graded properties of Cu-Ta. Uni-
axial tensile test is performed in the x-direction. Direction to see the
change in the plastic deformation at a range of temperature scale 200
K, 400 K, 600 K, 800 K, and 1000 K.

3.1. Mechanical properties variation with strain rates and
fixed temperature 400K

10 —
Cu-Ta FGM] X 107 e
frmn 1 x 10° Sec”

94 s 1 % 10'° Sec™

3 1 % 10" Sec™!

7 4
6
54
4 -
34

Engineering Stress (GPa)

24

0 L T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Engineering Strain

Figure 4. Engineering stress and engineering strain with strain rate
variation and at fixed temperature of 400 K
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Figure 4 depicts the relation between engineering stress and engi-
neering strain at 4 different strains rates 1 x 10" sec ', 1 x 10’ sec ,
1x 10" sec”’,and 1 x 10" sec”". In figure 4, at maximum strain rate
1 x 10" sec”' the engineering stress reaches to 8.86 GPa and mini-
mum engineering stress at 1 x 10° sec” is 4.19 GPa. A temperature
of 400 K was selected for detailed microstructural and deformation
analyses because it is an intermediate thermo-mechanical condition
in which both mechanical resistance and thermally activated defor-
mation mechanisms coexist. This temperature range is also relevant
to several engineering applications involving localized thermal
exposure, thermal management systems, and elevated-temperature
service environments. Moreover, the broader temperature range in-
vestigated in the present study (200-1000 K) was intended to capture
the transition in deformation behavior from low-to high-tempera-
ture regimes. Temperature strengthening to high-temperature plas-
ticity. In MD simulations employing periodic boundary conditions
and homogeneous deformation, the stress-strain representation is
the standard and physically meaningful metric. At point A, all four
graphs overlap; to visualize this, an expanded view of this section is
presented in Figure 4.

The stress-strain response of the Cu-Ta FGM at 400 K shows a strong
dependence on strain rate, as shown in Figure 4. The peak stress
increases significantly with strain rate, rising from approximately
4.4 GPaat 10° s™" to about 8.8 GPa at 10" s™*, showing pronounced
strain-rate hardening. At lower strain rates (10%-10° s7*), the mate-
rial shows a sharp drop in stress at once after the peak, suggesting
the early onset of necking and localized deformation characteristic
of relatively brittle behavior. At higher strain rates, the limited time
available for dislocation relaxation and defect rearrangement in-
creases the resistance to plastic deformation, resulting in higher flow
stress and delayed stress softening on the MD timescale. Conversely,
lower strain rates allow greater dislocation mobility and localized
strain accumulation, promoting earlier stress drop and deformation
localization. The strain-rate sensitivity coefficient (m) was estimated
using the

m =d(no)/d(Ine) (1)

Based on the peak stress values, the calculated m is approximately
0.10, which falls within the range of moderate strain-rate sensitivity
(0.08-0.12). This suggests that the material shows noticeable resis-
tance to deformation with increasing strain rate. The observed be-
havior can be attributed to the limited time available for dislocation
motion and defect relaxation at higher strain rates, leading to in-
creased resistance to plastic deformation. Conversely, at lower strain
rates, dislocations have sufficient time to move and reorganize, re-
sulting in early strain localization and reduced strength. At lower
strain rates, atoms and dislocations have sufficient time to rearrange
and accommodate the applied deformation through grain bound-
ary sliding, defect annihilation, and localized stress relaxation. The
material shows lower flow stress and an earlier onset of strain lo-
calization. Relatively longer deformation times promote thermally
activated plasticity and ease progressive atomic redistribution with-

in the graded Cu-Ta structure. In contrast, at higher strain rates,
the available time for atomic diffusion and dislocation relaxation
becomes significantly limited. This restriction suppresses defect re-
covery mechanisms and increases dislocation accumulation within
the material, leading to enhanced strain hardening and higher peak
stress. The rapid loading condition also promotes non-equilibrium
deformation behavior, where stress concentration develops rapidly.

3
s

CuTa FGM]
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Figure 5. Mechanical properties with strain rate variation and at
fixed temperature at 400 K

The material can accommodate plastic deformation through dis-
location motion. Consequently, the Cu-Ta FGM shows increased
resistance to deformation and delayed plastic relaxation at elevated
strain rates. Furthermore, the addition of tantalum contributes to
strain-rate strengthening through local lattice distortion and in-
terface-controlled dislocation interactions. The mismatch between
FCC Cu and BCC Ta structures generates interfacial stress fields that
hinder dislocation propagation, particularly under rapid loading
conditions. Therefore, the combined effects of limited atomic relax-
ation, defect accumulation, and Ta-induced interface strengthening
govern the observed strain-rate sensitivity and thermo-mechanical
response of the Cu-Ta functionally graded material.

At high strain rate, the materials do not have time to relax and dif-
ficult to achieve at experimental setup, so for the realistic approach
a medium strain rate of, 1 x 10" sec”' is employed to investigate
the plastic deformation mechanism, mechanical properties, micro-
structural examination, potential energy, kinetic energy, and defects
analysis of the Cu-Ta FGM. Figure 5 is the Yield strength, Young’s
Modulus, and Ultimate tensile strength at all four 1 x 10° sec”, 1
x 10" sec”’, 1 x 10" sec”’, and 1 x 10" sec” strain rates. As it can
be depicted from figure, the middle range of strain 1 x 10" sec " is
suitable to study at experimental setup. The properties at strain rate
1 x 10" sec ' are Yield strength, Ultimate tensile strength are 5.62
and 5.68 GPa, and Youngs modulus 46.84 GPa.
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yI X Cu- Ta FGM @ Strain

0.025

Cu-Ta FGM @ Strain = 0.077

Cu - Ta FGM @ Strain =0.11

Figure 6. Polyhedral template matching of Cu-Ta FGM structure
with strain at fixed temperature 400 K

Figure 6 illustrates the Polyhedral Template Matching (PTM) of the
Cu-Ta FGM structure under applied strain at a fixed temperature
of 400 K. PTM helps accurately decide the local crystal orientation
of atoms at grain boundaries, crystalline regions, interfaces, and
free surfaces. At elevated temperatures, increased atomic vibrations
enhance diffusion and accelerate dislocation activity, leading to
increased energy dissipation. The graded distribution of tantalum
changes lattice distortion and inhibits dislocation motion, thereby
improving thermodynamic stability. In Figure 6, the Cu-Ta FGM
sample is evaluated at four strain levels ranging from 0.025% to
0.11%. With increasing strain, the crystal structure undergoes
changes, accompanied by increased defect generation and atomic
misorientation. Figure 6 also illustrates that the length of the sample
increases as the applied strain increases. Table 2 is the Yield strength,
ultimate strength and Youngs modulus at 400 K.

Table 2. Is the yield strength, ultimate strength and Youngs
modulus at 400 K

. 1, Youngs modulus Yield strength ~ Ultimate strength
Strain Rate (Sec ) (GPa) (GPa) (GPa)
1x10° 36.07 3.6 3.71
1x10° 37.46 3.72 3.75
1x 10" 46.84 5.635 5.98
1x10" 53.89 8.721 8.86

4

h at Strain = 0.051 and Steps = 100

4, % \l

'DXA with Defect Mesh at Strain = 0.11 and %s ’.ZM Q\

[ }x
¢\ f._&-ﬁ\ :

Figure 7. Dislocation extraction algorithm with and without mesh
of Cu-Ta FGM structure

Cu-Ta FGM ‘
Temperature — 400 K
Strain Rate = 1x 10"'Sec”

Engineering Stress (GPa)
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Engineering Strain

Cu-Ta FGM
Temperature = 400 K
1% 10See

Strain Rate

Engineering Stress (GPa)

0 T T T T T T T T T
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Figure 8. Dislocation extraction algorithm with stress — strain curve
at fixed strain rate 1 x 10'° sec”' and fixed temperature 400 K
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In Figure 7, the Dislocation Extraction Algorithm (DXA) is used to
find and characterize dislocations. The density of defect lines shows
grain misorientation and increased material strength under applied
strain.

Figure 8 also shows that increasing deformation in the materials
increases both the number of dislocations and their total length.
Figures 7 and 8 offer deeper insights into the plastic deformation
mechanisms of Cu-Ta FGM at the atomic scale. In the plastic range,
the number of grains decreases, and grain growth begins.

Cu-Ta FGM
Temperature =400 K

’. %
s . ?
%
i oz s %
. %
*. 2
| R %
y %

X Numbr of Grains = 01 at Strain = 0

ey
W %
% G,
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. %%
YT_. , % %

X Numbr of Grains = 07 at Strain = 0.025 %ﬁz‘

Numbr of Grains = 11 at Strain = 0.051

Numbr of Grains = 11 at Strain = 0.077

Numbr of Grains = 16 at Strain = 0.11

Figure 9. Grain segmentation of Cu-Ta FGM structure at fixed
strain rate 1 x 10" sec”' and fixed temperature 400 K

Figure 9 illustrates the variation in grain size and the number of
grains. Grain segmentation was used to find and separate grains
with different orientations after the application of strain. As shown
in Figure 9, at the first strain level there was no change in the crystal-
line structure; the previously selected monocrystalline structure was
seen up to 0.025% strain. As the strain increased to 0.025%, 0.051%,
0.077%, and 0.11%, the monocrystalline structure gradually trans-
formed into a polycrystalline structure, with the number of grains
increasing to 7, 11, 11, and 16, respectively. The Cu-Ta interfacial
region plays a significant role in controlling the deformation behav-
ior of the FGM due to the mismatch between the FCC Cu and the
BCC Ta crystal structures. During tensile loading, the interface acts
as a barrier to dislocation propagation, resulting in localized stress
accumulation and enhanced strengthening. The graded composi-
tional transition eases progressive load transfer across phases, there-
by minimizing abrupt interfacial stress concentration. At elevated
temperatures, increased atomic diffusion and increased dislocation
mobility near the interface contribute to defect redistribution and
to the thermodynamic stabilization of the material. The present
MD results show good agreement with earlier studies on Cu-based
systems, particularly in terms of elastic modulus, yield strength,
and diffusion coefficients at elevated temperatures. The observed
deformation mechanisms, such as dislocation nucleation and grain

Strain Rate = 1x 10""Sec!

boundary sliding, are also consistent with prior atomistic simula-
tions. This is essential for understanding microstructural properties
and their influence on material behavior.

3.2. Mechanical properties variation with temperatures at
fixed strain of 1 x 10° sec”

Figure 10, depicts the variation of temperature with fixed strain rate
at 1 x 10 sec ', with the interval of 200 K temperatures ranges from
200 K to 1000 K.

[Cu-Ta FGMI —200K

e 400 K

s 600 K

5 e 800 K
s 1000 K|

Engineering Stress (GPa)
w

@1x 10° Scc"'
0 =

T T T T T T
000 0.05 010 015 020 025 030 035

Engineering Strain

Figure 10. Engineering stress and engineering strain with fixed
strain rate 1 x 10° sec '

Figure 10 shows that, as temperature increases, the graph shifts
downward. It is concluded that the highest strength is obtained at
the lowest temperature 200 K; with further increases in temperature,
the highest point on each graph moves downward almost linearly
at a constant strain level. The increase in strength is associated with
dislocation density, sharp changes in structure, and more grain
boundaries.

4. Conclusion

MD simulations of Cu-Ta FGM at four strain rates and five tem-
peratures were performed using the EAM method. It provides a
comprehensive analysis of mechanical property dependencies, mi-
crostructural changes, yield strength, and ultimate tensile strength.
The following observation was made in the present study:

1. By increasing strain rate the material deformation
mechanism changes due to less time for deformation
and results in rapid fracture of Cu-Ta FGM without
much deformation.

2. At higher temperatures, material behavior differs
from that at low temperatures changes in deformation
mechanisms.

3. As strain increases, the number of grains initially in-

creases due to grain boundary strengthening after
a critical value is reached, it decreases due to grain
growth and elongation in Cu-Ta FGM.

4. The Response time of Cu-Ta FGM at higher strain
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rates decreases due to sudden changes in the material’s
mechanical properties.

5. Mechanical strength, Youngs modulus decreases with
increasing temperatures due to less bond strength
6. Cu-Ta FGM is suitable candidates at medium strain

rate and lower temperature application.
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