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The mechanical properties of carbon polycrystalline materials are crucial because they determine 

how the material responds to external forces, such as stress and strain, and environmental conditions.  

By investigating the mechanical properties of carbon polycrystalline materials, researchers can 

develop insights into their strength, ductility, hardness, and other characteristics, which are vital for 

their practical applications in industries such as manufacturing, construction, and materials science. 

Molecular dynamics techniques enable the examination of various polycrystalline configurations and 

the assessment of their effectiveness. The present study investigates the effects of temperature on the 

mechanical properties of Carbon polycrystalline. The results show that the ultimate strength and 

Young’s modulus of the simulated polycrystal are 64.553 Gpa and 355.284 GPa, respectively. Also, the 

results showed that with increasing temperature to 320 K, Young’s modulus and ultimate strength of 

carbon polycrystalline increase to 363.185 and 69.417 GPa, respectively.  With a further increasing 

the temperature to 350 k, these parameters decrease to 349.909 and 63.047 GPa. The observed 

increase in these parameters at lower temperatures may be attributed to the increased atomic 

mobility of the samples resulting from the initial temperature enlargement. The simulation results 

are expected to help further understand the influence of temperature on the mechanical properties 

of carbon polycrystalline materials.  
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1. Introduction 

      A carbon polycrystal with a diamond structure 
comprises multiple crystalline grains of Carbon arranged in 
a polycrystalline structure [1, 2]. Each grain within the 
material has a diamond lattice structure characterized by 
strong covalent bonds between carbon atoms [3]. This gives 
the material exceptional hardness, strength, and thermal 
conductivity. The polycrystalline nature of the material 
results in grain boundaries where the crystallographic 
orientation of adjacent grains may differ [4, 5]. These grain 
boundaries can influence the material’s mechanical and 
thermal properties, affecting deformation behavior, 
fracture toughness, and thermal resistance.   The unique 
combination of properties in carbon polycrystals with a 
diamond structure makes them suitable for a wide range of 

applications, including cutting tools, abrasives, and high-
temperature electronic devices [6, 7]. The material’s 
exceptional hardness, strength, and thermal stability make 
it a valuable choice for demanding industrial and 
technological applications. Additionally, the ability to 
engineer the grain boundary properties allows for the 
customization of material behavior to suit specific 
requirements, further expanding the potential applications 
of carbon polycrystals with a diamond structure. 

Various studies have been conducted on crystal and 
polycrystals’ mechanical properties (MP). For example, 
Schacht et al.[8]  examined the effect of empty spaces on the 
evolution of in crystals. According to the simulation data, 
voids will grow and shape in line with the crystal’s 
orientation. Asim et al.[9] discovered that the accumulation 
of tiny holes made durable aluminum composite materials 
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vulnerable to breaking. Computer modeling has been used 
in to analyze the behavior of individual crystal aluminum 
alloy AAxxx5 with a range of voids and orientations. A 
proportion of the sample has been used to indicate the 
entire material. The correlation between the initial size of 
the space, its growth, material deformation irregularities, 
and the effect of small-scale size has been established. Liu et 
al.[10] using a model that accounts for time difference, 
investigated the behavior of crystals and biocrystals with 
different levels of gaps in response to small-scale tension 
changes. It has been found that the change in approach, 
configuration of vacant spaces, and application of pressure 
exert a major influence on Al’s power. While investigating 
polycrystalline crystals, Si [11] used an automatic computer 
program that simulated homogeneous aluminum 
deformation when squeezed. They have tested the program 
to verify that it is working properly. It would, therefore, 
appear that the approach is appropriate for application. 
Working with A1-Zn-Mg alloy single crystals, Wilhelm [12] 
found a flat area in the CSSC. Lee et al.[13] examined the 
durability of an A1-Cu alloy metal. As they have discovered, 
this metal’s single-crystal and polycrystal forms exhibit 
comparable strength. To see if the similarity between mono 
and polycrystalline A1Cu alloy behavior also applies to 
ternary AIZn+Mg alloys, this study compared results from a 
polycrystalline alloy with Wilhelm’s work. 

A carbon polycrystal with a unique structure exhibits 
distinctive MP characterized by a complex deformation 
behavior and exceptional thermal resistance. The material’s 
non-uniform grain boundaries and crystallographic 
orientations contribute to its diverse mechanical response. 
These features make it an intriguing subject for research on 
material behavior and its application in high-stress 
environments. This study investigates the influence of 
temperature on the MP of carbon polycrystals through 
molecular dynamics (MD) simulations. By analyzing stress-
strain curves, ultimate strength (US), and Young’s modulus 
(YM) at different temperatures (300 K, 310 K, 320 K, and 
350 K), the research aims to enhance the understanding of 
material behavior and facilitate advancements in material 
science, engineering design, and product development. 

The novelty of this study in utilizing MD simulation to 
assess the impact of temperature on the mechanical 
properties of carbon polycrystals stems from its capability 
to offer unparalleled atomic-scale granularity. Through 
intricate modeling of the dynamic interactions among atoms 
ensconced within the crystal lattice, MD simulations afford 
an exhaustive comprehension of the multifaceted ways 
temperature influences material behavior. This 
encompasses a broad spectrum of mechanical attributes, 
encompassing not only elasticity but also strength, fracture 
toughness, and beyond, thereby presenting a 
comprehensive depiction of the material's response to 
varying thermal environments. This research endeavor is 
geared towards unraveling the intricate interplay between 
temperature variations and the mechanical responses of 
carbon polycrystals, thereby fostering the development of 
predictive models capable of elucidating material behaviors 
across a gamut of thermal scenarios. By leveraging this 
innovative approach, a deeper comprehension of carbon 
polycrystals' mechanical attributes is cultivated, paving the 

way for informed material design strategies tailored to meet 
the exacting demands of specific engineering applications. 

2. Molecular dynamics simulation 

According to the laws of physics, MD is based on 
computer simulations to replicate particle behavior. It 
helps to clarify how the motion of particles is understood 
[14]. MD simulation is used to investigate how particles 
move in a system. Such an approach is to solve the Newton 
equations for each particle in a system by itself [15]. This 
allows for the early prediction of all particles’ movements 
at a given time. The MD simulation is a computational 
technique used in various scientific disciplines to gain 
insight into the dynamics and properties of complex 
systems at the atomic and molecular scale. The LAMMPS 
software was used for comprehensive simulations based 
on Newton’s second law, which describes the relationship 
between force, acceleration, and particle mass [16, 17]: 

𝐹𝑖 =∑𝐹𝑖𝑗 = 𝑚𝑖

𝑑2𝑟𝑖
𝑑𝑡2

= 𝑚𝑖

𝑑𝑣𝑖
𝑑𝑡

𝑖≠𝑗

 
(1) 

On the other hand, Fi is obtained from the negative 
derivative of the potential function U [16]: 

𝐹𝑖 = −𝛻𝑈𝑖 = −
𝜕𝑈

𝜕𝑟𝑖
 

(2) 

The first step in the MD simulation is to define the 
system, including specifying particles, initial position and 
velocity, and any constraints or boundary conditions. A 
force field is then used to describe particle interactions 
within the system. It includes terms for bonding 
interactions (such as covalent bonds), nonbonding 
interactions (such as van der Waals forces electrostatic 
interactions), and other potential energy terms. The total 
interactions among particles in the system determine the 
overall energy level of the system [18, 19].  

𝐸𝑡𝑜𝑡𝑎𝑙 =  𝐸𝑏𝑜𝑛𝑑𝑒𝑑 +  𝐸𝑛𝑜𝑛𝑏𝑜𝑛𝑑𝑒𝑑  (3) 

Different energy forms arise as a result of the 
interaction between atoms. The current research uses the 
Tersoff potential function to determine the interactions 
between carbon atoms in the simulation system. The 
mathematical relationship describing the Tersoff potential 
function is as follows [20]: 

𝐸 =
1

2
 ∑0

𝑖

∑1
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(4) 

 

𝑈𝑖𝑗 = 𝑓𝐶(𝑟𝑖𝑗)[𝑎𝑖𝑗𝑓𝑅(𝑟𝑖𝑗) + 𝑏𝑖𝑗𝑓𝐴(𝑟𝑖𝑗)] (5) 
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In Eq. (8), fR is the absorbent particle interaction with the 
general form as follows:   

𝑓𝑅(𝑟) = 𝐴 𝑒𝑥𝑝(−𝜆1𝑟) (7) 
and fA is the particle-repellent interaction with the 

general form as follows: 
𝑓𝐴(𝑟) = −𝐵 𝑒𝑥𝑝(−𝜆2𝑟) (8) 
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In the above equations, A, B, and  are the potential 
constants and depend on the studied structures. bij defined 
in (8) equation is determined as follows:  

𝑏𝑖𝑗 = (1 + 𝛽𝑛𝜑𝑖𝑗
𝑛)

−
1
2𝑛 

(9) 

 

𝜑𝑖𝑗 = ∑ 1

𝑘≠𝑖𝑗

𝑓𝐶(𝑟𝑖𝑘)𝑔(𝜃𝑖𝑗𝑘)𝑒𝑥𝑝[𝜆3
𝑚(𝑟𝑖𝑗 − 𝑟𝑖𝑘)

𝑚
] (10) 

The function of g(θ) is related to the angle between i and 
j particles and between i and k particles. 

2.1. Present simulation details 

      In this study, a computer model is applied to determine 
the MP of Carbon polycrystalline by looking at the effects of 
initial temperature using LAMMPS software [21]. AtomSK 
software was used to model a representation of the Carbon 
polycrystalline [22]. Next, we use the NVE ensembles to 
minimize this process with more than 100,000 steps. 
Minimization is a method of computing in which the atoms’ 
and molecules’ positions are repeated to reduce potential 
energy so that we can detect the lowest state of the system. 
It will help to achieve a more stable, energy-efficient 
configuration of the simulation system. Next, the 
temperature and pressure are set in the NPT ensemble at 
300 K and 1 bar, respectively, using an equilibration 
process. The equilibration of the simulated structure was 
checked during 200,000-time steps by the change in the 
temperature and potential energy. Figure 1 represents the 
schematic of the carbon polycrystalline structure. The 
simulation details implemented in the current MD research 
are outlined in Table 1. 

3. Equilibration Process 

      Fig. 2 represents the temperature change in simulated 

atomic samples during 2100,000 time steps. The 

simulation results indicate that the system’s temperature 

converged to 300 K after 200,000 time steps. This 

convergence suggests that the simulated system reached a 

stable thermal equilibrium at 300 K, indicating the 

simulation’s effectiveness in capturing the Carbon 

polycrystalline material’s thermodynamic behavior. 

 
Table 1. The MD simulation parameters in the simulated structure. 

MD Simulation Setting Value or Method 

MD Box Length(A) 50×50×50 Å3 

Number of Atoms 22044 

Boundary Condition p p p 

Initial Temperature 300 K 

Initial pressure  1 bar 

Thermostat Nose-Hoover 

Time Step 1 fs 
 

 
 

a)  

b)  
Fig.1 A schematic of carbon polycrystalline structure from a) side and 
b) perspective view. 
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Fig. 2. The temperature change in simulated atomic samples during 
200,000 time steps. 

 
Fig. 3 represents the changes in the potential energy of 

carbon polycrystalline during 200,000 time steps. The data 
revealed that as the simulation progressed, the system’s 
potential energy reached a stable value of -6.87 eV, 
indicating that the system had achieved equilibrium in 
terms of potential energy. This convergence of potential 
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energy is an important indicator of the stability and 
thermodynamic equilibrium of the simulated carbon 
polycrystalline material. The negative value of the potential 
energy indicates an attractive force between the particles 
in the carbon polycrystalline system. The convergence of 
the potential energy to a stable value of -6.87 eV signifies 
that the force field used in the simulation is appropriate, 
and the simulation has been run for a sufficient duration to 
reach a state of equilibrium where the system’s potential 
energy has stabilized. This indicates that the simulation 
captures the suitable interactions and dynamics of the 
carbon polycrystalline material. These results are in good 
agreement with previous results. [21-23] 
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Fig. 3. The potential energy change in simulated atomic samples during 
100,000 time steps. 

4. Validation 

The radial distribution function (RDF) is important in 
molecular dynamics simulations because it provides 
valuable information about particle spatial arrangement 
and organization in a system. By analyzing the RDF, 
researchers can gain insights into the structure, density, 
and interactions between particles, which are crucial for 
understanding the thermodynamics and MP of the 
simulated material. The RDF helps characterize the local 
environment around a particle, identifying the presence of 
ordering and studying the distribution of particles within 
the simulation system. Overall, the RDF is a powerful tool 
for investigating materials’ structural properties and 
behavior at the atomic and molecular level in molecular 
dynamics simulations. Figure 4 represents the RDF of 
carbon particles in the present study, which agrees with 
previous papers [24]. 
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Fig.4. The RDF of carbon particles in the present study. 

5. Results and discussion 

      After reaching equilibrium, the carbon polycrystalline 
was subjected to tensile loading along the X-axis with a 
magnitude of 1 s-1 from both sides by increasing the initial 
temperature from 300 to 350 K to investigate the simulated 
structure’s MP. Figure 5 illustrates a schematic of the 
mechanical test of the carbon polycrystalline. 
Consequently, the strain stress, US, and YM diagrams were 
examined. 
 

 

a)  

b)

 
Fig. 5. A schematic of equilibrated carbon polycrystalline structure a) 
before and b) after tensile test. 

 
      Fig. 6 shows the stress-strain curve of simulated carbon 
polycrystalline. The two peaks in the strain-stress curve of 
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a carbon polycrystalline with a diamond structure are due 
to the different deformation mechanisms that occur at 
different stress levels. The first peak represents the onset 
of plastic deformation, where dislocations start to move, 
and the material undergoes irreversible deformation. The 
second peak corresponds to the failure of the material, 
where cracks propagate and lead to catastrophic failure. 
The presence of two distinct peaks in the strain-stress 
curve reflects the complex behavior of the material under 
stress, taking into account both plastic deformation and 

ultimate failure. The YM is typically calculated from the 
initial linear portion of the stress-strain curve, which 
corresponds to the elastic region. This is usually the portion 
of the curve before the onset of plastic deformation, and it 
is associated with the first peak in the stress-strain curve. 
Conversely, the US is determined from the maximum stress 
value on the stress-strain curve, which corresponds to the 
second peak in the curve. This peak represents the 
maximum stress the material can withstand before failure 
occurs. The results show that the US and YM of simulated 
polycrystal are 64.553 Gpa and 355.284 GPa, respectively. 
In the previous papers, Wei et al. [25] conducted an 
examination focusing on the mechanical characteristics of 
a carbon nanostructures. They found that the US of this 
structure falls within the range of 60 to 80 GPa, indicating 
its robustness under various mechanical stresses. In a 
similar study, Xu et al. [26] investigated the mechanical 
properties of polycrystalline graphene oxide. Through 
detailed simulations, they observed changes in the ultimate 
stress values in the material, which with increasing 
temperature from 100 to 1250 K, the ultimate strength 
levels between 30 and 40 GPa was fluctuating. These 
findings emphasize the complex interplay between 
temperature and mechanical properties in polycrystalline 
graphene oxide and emphasize the importance of 
understanding such dynamics for engineering applications. 

The initial temperature can affect the atomic evolution 
of carbon polycrystalline. This evolution changes their 
mechanical performance, causing various parameters such 
as US and YM to converge to different values. It is worth to 
mention that the increase of parameters such as US and YM 
in polycrystalline carbon due to initial temperature 
changes can be explained by the interplay between thermal 
expansion effects, material properties, and atomic-level 
processes. Elevated temperatures increase atomic 
vibrations, causing thermal expansion and reducing YM. 
This expansion induces internal stresses, but as 
temperature rises further, the rate of thermal expansion 
decreases, and the reduction in modulus stabilizes due to a 
balance between thermal energy and material stiffness. 
Within this convergence range, critical temperatures 
facilitate atomic diffusion, defect formation, and 
influencing the material's atomic evolution. Figure 7 
illustrates that the mechanical strength of the carbon 
polycrystalline improved as the temperature increased to 
320 K. With further increasing temperature to 350 K, this 
mechanical strength decreased. This change in mechanical 
performance is attributed to the decreasing attraction force 
between carbon polycrystalline particles. From an 
atomistic perspective, the increase in temperature leads to 
higher atomic mobility of carbon atoms through the 
1/2mv2=3/2kT relation, so the attraction force between 

polycrystalline carbon particles decreases. This weakening 
of the inter-particle attraction results in a reduction in the 
mechanical strength of the material. 
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Fig.6. The a) stress-strain curve and b) Young’s modulus of Carbon 
polycrystalline at 300 K. 

Fig. 8 and 9 represent the change in US and YM of carbon 
polycrystalline at different temperatures. The results 
showed that increasing temperature to 320 K, the YM and 
US of carbon polycrystalline increase to 363.185 and 
69.417 GPa.  With a further increase to 350 k, these 
parameters decrease to 349.909 and 63.047 GPa. The 
observed increase in these parameters at lower 
temperatures may be attributed to the increased atomic 
mobility of the samples resulting from the initial 
temperature enlargement. Also, the material’s thermal 
expansion at lower temperatures may reduce internal 
stresses, increasing the YM and ultimate strength. 
However, as the temperature rises, thermal expansion may 
dominate, causing a decrease in these parameters. The 
increase in temperature can lead to enhanced mobility of 
grain boundaries within the polycrystalline structure. This 
increased mobility may initially contribute to improved 
MP. However, excessive grain boundary mobility can 
reduce the material’s mechanical strength at higher 
temperatures.  
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Fig.7. The a) stress-strain curve and b) YM of Carbon polycrystalline at 
different temperatures. 
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Fig. 8. The YM variation of the Carbon polycrystalline with increasing 
initial temperatures. 

 

 
Fig. 9. The US variation of the Carbon polycrystalline with increasing 
initial temperatures. 

 
 

Table 2. The change in the US and Young’s Modules of Carbon polycrystalline at different temperatures. 

Initial Temperature (K) Young’s Modules (GPA) US (GPa) 

First Peak Second Peak 

300 355.284 77.963 64.553 
310 356.534 78.172 67.527 
320 363.185 78.351 69.417 
350 349.909 77.704 63.047 

 

 

6. Conclusion 

In conclusion, the molecular dynamics simulation in the 
present study has provided valuable insights into the 
effects of temperature on the MP of carbon polycrystalline 
materials. The observed changes in the US and YM with 
increasing temperature have highlighted the significant 
influence of thermal conditions on the material’s 
mechanical behavior. These findings are crucial for 
understanding the performance of carbon polycrystalline 
materials in real-world applications, such as manufacturing 
and construction. They can contribute to developing more 
accurate predictive models for material behavior under 

varying thermal environments. The numerical results are 
summarized as follows: 

• The simulation results indicate that the system’s 
temperature converged to 300 K after 200,000 
time steps. This convergence suggests that the 
simulated system reached a stable thermal 
equilibrium at 300 K, indicating the simulation’s 
effectiveness in capturing the carbon 
polycrystalline material’s thermodynamic 
behavior. 

• The results revealed that as the simulation 
progressed, the system’s potential energy reached 
a stable value of -6.87 eV, indicating that the 
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system had achieved equilibrium in terms of 
potential energy.  

• The results show that the US and YM of simulated 
polycrystal are 64.553 Gpa and 355.284 GPa, 
respectively. 

• The results showed that increasing temperature to 
320 K, YM, and US of carbon polycrystalline 
increase to 363.185 and 69.417 GPa.  With a 
further increase to 350 k, these parameters 
decrease to 349.909 and 63.047 GPa. The increase 
in temperature can lead to enhanced mobility of 
grain boundaries within the polycrystalline 
structure. This increased mobility may initially 
contribute to improved MP. However, excessive 
grain boundary mobility can reduce the material’s 
mechanical strength at higher temperatures. 
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