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ARTICLE INFO ABSTRACT
Keywords: Using molecular dynamics simulations using LAMMPS and other tools, this work examined the effect of graphene
Smart polymer oxide nanoparticles on the mechanical and thermal properties (TPs) of polyurethane/polycaprolactone nano-
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Molecular dynamics simulation

composites. The simulations examined the atomic, MP, and thermodynamic properties of atomic structures while
examining and equilibrating them. After 10 ns of equilibration at 300 K and 1 bar, samples were convergent and
the simulation parameters were confirmed. The addition of GO-NPs significantly enhanced TPs and MPs, with
optimal improvements observed at a 2 % concentration. Specifically, increasing GO-NP content from 0.5 % to 2
% resulted in increases in heat flux from 680.95 to 714.09 W/mz, thermal conductivity from 0.69 to 0.93 W/mK,
and Young’s modulus from 5.91 to 6.63 MPa. This is while increasing GO-NP content from 0.5 % to 2 % resulted
in decreases in both the mean square displacement and glass transition temperature (Temp) to 0.22 A%and 318 K,
respectively. However, further increasing the GO-NP concentration to 5 % led to a decrease in HF and TC, likely
due to nanoparticle agglomeration, which also reduced mechanical strength and increased MSD and Tg. This
study underscores the importance of optimizing GO-NP concentration, with 2 % identified as the most effective
for enhancing the properties of PU/PCL/GO-NCs.

Nomenclature :
1. Introduction
1 iti H ial Distribution Functi F . .
Glass transition temperature 8 Redial Distribution Function  RD Through the exploration of new materials, humans have successfully
Graphene Oxide GO Shape Memory SM . . . . )
Heat flux HF Simulation Box SB created synthetic materials using organic substances found in nature.
Lennard-Jones LJ Smart Polymer Sp Polymer materials are compounds of the chemical elements carbon,
Mechanical Behavior MB Temp Temp hydrogen, oxygen, nitrogen, and sulfur. Polymers are chemical com-
Mechanical Properties MPs Thermal Behavior TB pounds consisting of massive molecules structured by repeating com-
Mechanical Strength MS Thermal Conductivity TC ts kn Pol £ ble physical and
Mean Square Displacement MDS Thermal Properties TPs ponents xnown as morTo'mers. ‘O ymers poss'ess an)ra € physical an
Molecular Dynamics MD Ultimate Strength Us MPs, such as low specific gravity and chemical resistance. Some poly-
Nanocomposites NCs Volum Vol mers are even transparent which can be used as a substitute for glass
Nanoparticles NPs Young’s modulus YM [1-3]. Most polymers act as electrical insulators, although certain types
Polyurethane PU exhibit some degree of electrical conductivity [4,5]. It is possible to
Polycaprolactone PCL

detect smart Propertiesin several material groups. SPs show different
reactions to external stimuli, such as Temp, magnetic fields, and electric
fields. These polymers are divided into many categories based on their
unique properties and uses [6-8]. One notable branch of SPs is SM
polymers, which have gained significant commercial use. To sustain the
required deformation, SM polymers need to be able to create strong
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reversible connections (secondary cross-links) among their polymer
components [9-12]. However, SM polymers have lower modulus and
rebound stress compared to metal alloys or SM ceramics. Therefore, it is
necessary to enhance the properties of these polymers [13]. One solution
is to create SM composites by incorporating fillers and NPs into the
material [14,15]. Integrating GO NP’s into SP systems, particularly SM
polymers, offers significant advantages that address the inherent limi-
tations of these materials. Strong interfacial contacts with the polymer
matrix are made possible by GO’s large surface area, MS, and functional
groups. These interactions improve MPs like modulus and rebound
stress, which are often lower in SM polymers than in metal alloys or
ceramics. Furthermore, GO-NPs improved TC and electrical conductiv-
ity, making SM polymers more responsive to external stimuli, such as
Temp and electric fields, thereby lowering activation energy and
enabling faster shape recovery. Beyond these mechanical and conduc-
tive enhancements, GO contributed to improved biocompatibility and
biodegradability, particularly in applications involving biodegradable
PCL. PCL is a biodegradable polyester that is part of aliphatic polyester
group. Ring-opening polymerization of caprolactone (CL) monomers is
required for its formation. The linear chain structure of resulting poly-
mer is composed of recurring CL units. PCL gained considerable atten-
tion which was extensively used in a variety of applications due to its
distinctive qualities and Properties [16].

Razzaghi et al. [17] investigated how the combination of G and GO
nanosheets grafted with PCL affects the microstructure, biocompati-
bility, thermoregulatory properties, and MPs of electrospun PU-NC
mats. The results suggest that a wound dressing made of a PU-GPCL
electrospun nanofiber mat containing 1 % GPCL nanosheets would be
appropriate. Azadi et al. [18] investigated the effect of GO on the Therly
induced SM behavior of Polylactic acid (PLA)/PU composites. According
to the research, PLA/PU/GO-NCs showed improvements in storage and
YM, tensile strength, creep resistance, and creep recovery. Conse-
quently, these materials were amenable to a diverse range of environ-
mentally sustainable applications. Cetiner et al. [19] studied the effect of
adding thermoplastic PU and G NPs to PLA on SM behavior, MPs, and
TB. According to the findings, adding 0.5 % of G nanoplatelets by weight
improved TPs by 15 % and MPs by 24 %. Furthermore, PU was added to
PLA at a weight ratio of 9:1, which improved SM and flexibility. Liang
et al. [20] studied the effect of incorporating GO-NPs into the PU’s MPs
and discovered that a 0.70 % weight increase in G NPs resulted in a
64.89 % improvement in the NC’s tensile strength. Gupta et al. [21]
examined the MPs of SP PCL/cellulose nanocrystals in their study. The
results demonstrate that adding cellulose nanocrystals up to 10 % by
weight greatly enhanced the tensile strength (from 0.2 to 7.2 MPa),
tensile strength at break, and modulus of elasticity (from 3.5 to 139.3
MPa). Saidi et al. [22] focused creating a model to predict the bond
strength between Reinforced Polymer sheets and concrete. Various fiber
types, including jute and abaca, along with different adhesives, were
tested, revealing that increasing fabric layers significantly enhanced
bond strength up to 400 %. Samuel and Tayong [23] focused the ad-
vantages of using Carbon Fibre Reinforced Polymers for automotive
drive shafts, comparing them to traditional materials like steel and
aluminum. The results show that these shafts were a viable substitute in
automotive applications since they were much lighter, had better me-
chanical qualities, and showed maximum fatigue resistance. Karim et al.
[24] reviews the application of fibre-reinforced polymers in various
fields, highlighting their advantages, such as high strength-to-weight
ratios and corrosion resistance. Peng et al. [25] explored the effect of
Temp on the TPs and MPs of PU/PCL/GO-NCs using MD simulations.
Their research demonstrated that when Temp increased to 350 K, HF
and TC dropping to 681.85 W/m? and 0.82 W/m K, respectively. Temp
increase resulted in an expansion of NCs Vol to 27,364 cubic nanome-
ters. Furthermore, the material’s US decreased from 72.59 MPa to 68.22
MPa and its YM decreased from 6.63 MPa to 6.36 MPa when the Temp
increased from 300 K to 350 K. Heydari et al. [26] examined how
varying the PCL content affects the TPs and MPs of PU/PCL/GO-NCs
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using MD simulations. Their findings revealed that increasing the PCL
content from 10 % to 50 % resulted in higher HF (from 688.43 to 724.03
W/m?) and TC (from 0.85 to 0.99 W/m-K). Additionally, this increase in
PCL content led to improvements in the NP’s US (from 56.32 to 62.23
MPa) and YM (from 5.99 to 6.29 MPa). Finally, the MDS and Tg stabi-
lized at 0.31 A% and 331 K, respectively, with higher PCL content.
Quanguo et al. [27] explored the interaction properties and mechanical
enhancements of thermoplastic PU-NCs reinforced with GO using MD
simulations. The researchers used reactive MD simulations to evaluate
the ReaxFF coupling field’s accuracy in calculating physical properties
and MPs of TPU/GO-NCs. The findings of this investigation show that
adding 18 wt% GO increased YM by 34 %, from 281 GPa for TPU to 378
GPa for TPU/GO, with considerable charge transfer (3.483 e) from TPU
to the GO skeleton.

MD modeling was utilized to analyze SM, MPs, and TPs of an SP-NC
composed of PU/PCL/GO. The thermodynamic, TPs, and atomic prop-
erties of the NC were assessed in relation to various concentrations of
GO-NPs (0.5, 1, 2, and 5 %) using LAMMPS computer software and MD
simulation. In fact,the innovation of this study lies in its comprehensive
approach, addressing both the optimal GO concentration and the Temp-
dependent behavior of NCs. By integrating these aspects, the study
provided new insights into effectively balancing TPs and MPs. It set the
stage for future experimental validation, addressing the gap between
theoretical predictions and practical applications. The research
emphasized the importance of understanding NP interactions and pro-
cessing conditions, providing a more comprehensive framework for
optimizing NP materials. Despite these advancements, several chal-
lenges and research gaps remain. Prior work often neglected the holistic
analysis of NPs, focusing instead on isolated properties or specific con-
ditions. Additionally, optimal GO concentration and its effects under
various environmental conditions were not well-established in the
literature. This was while, the reliance on MD simulations, while valu-
able, required further validation via experimental studies to ensure real-
world applicability. Furthermore, there was a need to explore how
processing conditions, long-term stability, and interfacial interactions
between polymer matrix and GO-NPs impact material performance.

2. Material and methods
2.1. Materials and reagents

This study explored the development and characterization of a SP-
NCs comprising PU/PCL/GO-NC, with a focus on enhancing SM, MPs,
and TPs through MD simulations. SM polymers were of great interest
because of their potential uses in a variety of sectors. They were
recognized for their ability to react to environmental stimuli including
heat, light, electricity, and magnetism. The study leveraged the
biocompatibility of PU-PCL and the unique TPs, electrical, and MPs of
GO-NC to improve the performance of NCs. By incorporating these NPs,
the material’s responsiveness to external stimuli was accelerated,
enabling activation via indirect thermal stimuli.

2.2. Details of present MD simulation

The research utilized a 300 A SB to analyze the behavior of NCs, with
VMD software [28] employed for simulation input and data analysis.
Fig. 1 illustrates the atomic structure of NC sample subsequent to the
equilibration process utilizing different amounts of GO-NPs. The
graphical outcomes derived from MD simulations provided evidence
that elevated ratios of GO-NPs did not introduce structural instability.
Fig. 1 demonstrates that designed NCs remained physically stable in the
presence of 5 % GO-NPs. As shown in Fig.1, blue particles represented
nitrogen atoms, red particles represented oxygen atoms, white particles
represented hydrogen atoms, and gray particles represented carbon
atoms.

After the initial construction of model, the equilibrium of system was
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Fig. 1. Atomic structure modeled in the final step of equilibration process in the presence of a) 0.5, b) 2 and ¢) 5 % of GO. In these structures C, H, N, and O atoms

presented by gray, white, blue, and red colours, respectively.

assessed. At this juncture, the NVT ensemble (constant Number of par-
ticles, Vol, and Temp) was applied to stabilize the system at target Temp
= 300K. During this equilibration phase, key thermodynamic properties
including the total system Temp, KE, and PE were meticulously moni-
tored. Sampling was performed at the intervals of 20,000 time steps to
ensure accurate data collection. The simulation was conducted with a
time step resolution of 1 fs and a duration of 20 ns.The system achieved
thermal equilibrium within the specified parameters by means of a 10-ns
equilibration process. In scenarios where the system was assumed to be
in thermal equilibrium and subject to constant Temp and pressure, NPT
ensemble (constant Number of particles, Pressure, and Temp) was
typically employed, particularly in the simulation of biological systems.
In this ensemble, the number of particles, Temp, and pressure were held
constant. To maintain these conditions, a Langevin thermostat was uti-
lized to regulate Temp [29], while a Berendsen barostat was used to
control the pressure [30].The results obtained from this section are
given in Table 1. Finally to accurately simulate the bulk properties of
material and eliminate edge effects, the study applied periodic boundary
conditions (PBCs). Such circumstances provided the unlimited replica-
tion of the SB in all directions, hence establishing a continuous and
seamless habitat for the particles. Upon surpassing one border of SB, a
particle reemerges on the other side, therefore essentially simulating an
endless system. This approach was essential for accurately representing
bulk properties and minimizing surface artifacts that can arise in
finite-sized simulations. The use of PBCs allowed the study to capture
the material’s behavior as if it were part of a larger, infinite system [31].
Technically, the conjugate gradient method used for energy optimiza-
tion process to be done described MD simulations, correctly. This

Table 1
A summary of the stopping criteria of this study.
Setting Value
SB 300 x 300 x 300 A®

Boundary Condition Periodically in 3 coordinate axes

Damping Temp NVT&NPT ensembles
Time Steps 1fs

Energy Minimization Method Conjugate gradient
Simulation Time 20 ns

process was done until energy convergence reached 0.00001 eV.
Furthermore, equilibrium phase simulations continued to 10 ns to
detecting Temp and total energy convergence.

3. Results and discussion

Given the significance of SPs across various industries and the
challenges related to their MPs and SM behavior, this study focused
developing SP- NC consisting of PU/PCL/GO-NC. The study aimed to
evaluate its SM, MPs, and TPs via MD simulations. Key metrics analyzed
include.

e HF

o TC

e MSD

e Vol changes

e Stress-strain curves
YM

Us

Tg

These parameters were examined to understand the NPs behavior
thoroughly. For this research, MD simulations at nanoscale were an
appropriate and effective approach, providing results that were appli-
cable to practical applications. MD simulation relies on three funda-
mental assumptions.

e The simulated structure was considered ideal and free of defects.

e Pressure was assumed to be uniform throughout the entire atomic
system.

e Temp was uniformly maintained across the entire atomic system.

3.1. Results of the equilibration process

It was confirmed that the modeled structure was in equilibrium
following the initial modeling. The necessary structure was initially
equilibrated at 300 K, and a number of physical properties, including the
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kinetic energy of simulated systems and the total Temp of simulated
structures, were assessed. In Fig. 2, the temporal evolution of Temp
throughout the atomic sample is depicted. Temp changes were observed
during the initial phases of simulation, indicating that NPs were in
motion and experiencing volatility within the simulated structure. The
sample’s Temp stabilized at 300 K after the simulation duration
increased to 10 ns, indicating that the atomic structure had attained
thermodynamic equilibrium [26]. The thermodynamic behavior of
atomic samples decreased with time, indicating their stability. MD
simulations continued to provide consistent findings in spite of meta-
physical equilibrium condition. Furthermore, Temp’s stability
throughout the atomic sample indicated that 10 ns was a suitable
simulation duration for this study.

To evaluate total behavior and stability of the sample, changes in
kinetic energy were analyzed, as KE is directly related to Temp and thus
provided insight into the system’s thermal dynamics. KE stabilized at
0.9 kcal/mol after 10 ns, reflecting a steady thermal state and con-
firming the sample’s stability. As atomic mobility decreased, this sta-
bilization occurred, resulting in a reduction in oscillation amplitude and
a more stable atomic configuration. The reduction in oscillations in-
dicates that the system reached a thermodynamic equilibrium. The
reduction in oscillations indicated that the system reached a thermo-
dynamic equilibrium. Finally, to assess the thermodynamic equilibrium
of simulated samples at 300 K, the potential energy of atomic structures
was calculated. The results, depicted in Fig. 3, show that potential en-
ergy stabilized at 16.77 kcal/mol after 10 ns [26]. In this context, a
negative potential energy value indicated strong interatomic attractions
within the structure, suggesting that the atoms were well-bonded. The
fact that the potential energy converged to a constant value indicated
that the system reached thermodynamic equilibrium, which means that
the atomic locations were stable and did not fluctuate significantly over
time. This equilibrium reflected the system’s total stability and implied
that the simulated atomic sample was in a suitable and stable configu-
ration for practical uses.

3.2. RDF

For a comprehensive structural analysis, the RDF of sample was
calculated and is illustrated in Fig. 4. RDF provided a quantitative
measure of atomic pair correlations within the material. In solid-phase
structures, RDF displayed a series of sharp, periodic peaks, reflecting a
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Fig. 2. Temp variations in the studied sample based on simulation time.
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Fig. 4. RDF of PU in simulated atomic sample at 344 K.

regular, repeating atomic arrangement typical of crystalline or well-
ordered materials. This periodicity characterized the atoms as being
uniformly spaced and arranged in a coherent pattern. Within liquid-
phase samples, RDF displayed a conspicuous peak at closer inter-
atomic distances, suggesting the presence of local organization, followed
by a sequence of decreasing peaks at ever greater distances. These
smaller peaks eventually disappeared, which signified that while there
was some degree of local atomic arrangement, long-range order was
absent, properties of a disordered liquid structure. In gas-phase samples,
response distribution function (RDF) showed a solitary peak at small
distances, without any notable peaks seen at greater distances. Once the
first peak was reached, RDF converged to a constant value, suggesting
the absence of long-range atomic correlations. This observation aligned
with the evident high level of disorder in gases. The RDF results for PU
structure investigated in this study were consistent with previous re-
ports, validating the accuracy of observed atomic arrangements. As RDF
was a critical measure of the spatial distribution of atoms, these results
confirm that MD simulation used was appropriate for accurately
modeling the material’s structural properties. This alignment with



S.F. Heydari et al.

established findings supported the reliability and effectiveness of
computational methods used in this study [32].

3.3. Results related to MPs and TPs

LAMMPS software was used to analyze MPs, TPs, and SM proper-
tiesof PU/PCL/GO polymer NCs in this phase of the research. The study
calculated and reported the effects of different amounts of GO-NPs (0.5
%, 1 %, 2 %, and 5 %) on NC’s TPs, MPs, and atomic properties. As GO-
NP concentration affected the HF of PU/PCL/GO-NC sample manufac-
tured at a pressure of 1 bar and a Temp = 300 K, Fig. 5 depicts the
changes in HF. The results demonstrate that as GO-NP concentration
increased, the HF in NC increased and reached its maximum value of 2
%. Specifically, increasing GO-NP concentration from 0.5 % to 2 % led to
an increase in HF from 680.95 to 714.09 W/m?. However, further
increasing NP concentration to 5 % resulted in a decrease in HF from
714.09 to 705.82 W/m?. Therefore, it can be concluded that the optimal
TB for this investigated NC was achieved at a GO-NP concentration of 2
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Fig. 5. The variations in the HF of designed NC based on passing a) simulation
time and b)GO-NPs percentage.
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%. From a physical point of view, as the concentration of GO-NPs
increased, the effective thermal pathways within the NCs enhanced,
allowing for more efficient heat transfer via the material. Furthermore,
additional NPs increase the frequency of interactions, which improved
molecular energy transfer routes. At a concentration of 2 %, GO-NPs
were dispersed optimally inside the polymer matrix, enhancing these
thermal routes and resulting in the observed rise in HF. However, at
higher concentrations, such as 5 %, GO-NP dispersion became less
effective, resulting in agglomeration, which increases heat barriers and
lowers total HF. This indicated that the TC benefits of GO-NPs were most
effective at a specific concentration, beyond which increased particle
concentration negatively affected heat transfer due to poor dispersion
and resulting thermal losses.

TC of PU/PCL/GO-NC changed with GO-NP concentration, as shown
in Fig. 6. The material was created Press = 1 bar and Temp = 300 K.
According to MD modeling findings, higher HF levels lead to higher TC
levels. As the concentration of GO-NPs grew from 0.5 % to 2 %, TC of the
simulated NC increased from 0.69 W/m.K to 0.93 W/m.K. TC of the NC
increased when GO-NPs with high TC were added to the base matrix. By
adding more GO-NPs to the mixture until it reached a final concentration
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of 5 %, the TC was lowered to 0.89 W/m.K. The reduction was caused by
agglomeration and reduced TC as a consequence of the buildup and
insufficient dispersion of NPs. The TC changes observed in the PU/PCL/
GO-NC system, where TC initially increased from 0.69 W/m-K to 0.93
W/m-K as GO-NP concentration increased from 0.5 % to 2 %, can be
explained by adding highly conductive GO-NPs, as predicted by models
like Maxwell-Garnett and Bruggeman. Thus, following drop in TC to
0.89 W/m-K at 5 % GO-NP concentration is consistent with observations
in the literature which was compatible with the occurrence of NP
agglomeration, which lowered the effective thermal routes. Studies
showed that beyond an optimal filler concentration, TC may decrease
due to poor dispersion and aggregation of NPs, confirming that
achieving a balance in GO-NP dispersion is crucial for optimizing TC in
such composites [33].

In Fig. 7, the Vol changes of NC structure are depicted as a function of
various atomic percentages of GO-NPs. The specific Vol values for GO-
NP concentrations of 0.5, 1, 2, and 5 % were recorded as 27316,
27311, 27106, and 27101 nm?, respectively, indicating a slight reduc-
tion in Vol as the concentration of GO-NPs increased (See Table 2). This
steady convergence in Vol showed that adding more GO-NPs made the
structure marginally more compact. On the other hand, the substantial
Vol drop after increasing the GO-NP concentration from 0.5 % to 2.0 %
was due to the first disruption of NPs matrix, where the new NPs effi-
ciently fill gaps and pores, resulting in a denser structure. As more GO-
NPs were introduced, they created additional bonding sites at the in-
terfaces, causing the matrix to contract around the NPs. This effect
became particularly significant as the concentration crosses a threshold,
resulting in a more compact structure and a corresponding decrease in
Vol. Physically, the small decrease in Vol by increasing GO-NP content
suggested that NPs enhanced packing density and fill voids within the
matrix, leading to a more tightly bound structure. Despite these changes,
the structural integrity of NC remained largely intact, as indicated by the
lack of significant deformation or destabilization in the graphical out-
puts and overall analysis. NC’s minimal Vol decrease suggested that it
can maintain its stability and rigidity even with higher percentages of
GO-NPs, rendering it appropriate for applications that necessitate both
strength and NP functionality. The convergence of Vol values suggested
a saturation effect, where beyond a certain point, adding more GO-NPs
did not significantly alter structure’s Vol, highlighting the material’s
robustness.

Fig. 8 illustrates changes in the stress-strain diagram of PU/PCL/GO
based on the quantity of GO-NPs used in the design. GO-NPs, due to their
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Fig. 7. Vol variations of the designed NC based on the amount of GO-NPs.
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Table 2
Atomic and Thermal outputs of the simulated NC based on the amount of GO.

GO (%) HF (W/m?) TC (W/m.K) Vol (nm®)
0.5 680.95 (+£1.94) 0.69 (+0.01) 27316 (£2)
1 688.43 (+0.29) [26] 0.85 (+0.02) [26] 27311 (+1) [26]
2 714.09 (£0.54) 0.93 (+0.2) 27106 (+4)
5 705.82 (+£0.63) 0.89 (+0.01) 27101 (£1)
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Fig. 8. The variations of stress-strain diagram in the designed NC based on the
amount of GO-NPs.

high aspect ratio and extensive surface area, provide efficient load
transfer and reinforcement in the material, enhancing MPs including
strength and stiffness. Additionally, GO-NPs act as obstacles to
displacement movement, preventing plastic deformation and enhancing
material resistance to deformation. Numerical results indicate that at a
strain of 950 %, different concentrations of GO-NPs create various stress,
and a numerical value of Us was equal to 72.59 MPa at a concentration
of 2 % GO-NPs. In studies on PU/GO-NCs, adding 1-2% GO typically led
to a significant increase in tensile strength, often within a comparable
range, confirming efficient load transfer and reinforcement provided by
GO-NPs [25,26]. The primary reason for observed reduction in stress
after a certain strain in the PU/PCL/GO composites was the efficient
load transfer and reinforcement provided by GO-NPs. Because of their
large surface area and high aspect ratio, these NPs improved the me-
chanical properties of material by better dispersing the applied load and
preventing plastic deformation by posing as barriers to dislocation
movement. Consequently, material’s resistance to deformation
increased at larger strains, causing a brief increase in stress. However,
beyond a certain strain level, the stress diminished as the material
approached its US and began to experience failure. The observed trend
in the numerical results, where higher GO-NP concentrations resulted in
increased stress at high strains and enhanced resistance to plastic
deformation, mirrors experimental findings, suggesting that the simu-
lation model used accurately reflected the mechanical behavior (MB) of
such NCs [34,35].

Fig. 9 illustrates the effect of various quantities of GO-NPs on the
mechanical properties of a PU/PCL/GO-NC sample. The Fig. shows that
the US of NC increased when GO-NP concentration raised from 0.5 % to
2 %, with the US rising from 55.89 MPa to 72.59 MPa. This improvement
in MS was attributed to the enhanced interactions between GO-NPs and
the polymer matrix. Specifically, at 2 % GO-NP concentration, the strong
covalent bonding between GO-NPs and PU/PCL matrix improved total
structural integrity and load-bearing capacity of composite, making it
more robust and effective for practical applications. However, when the
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GO-NP concentration increased to 5 %, the US decreased to 70.03 MPa.
This decrease in strength was likely due to NP agglomeration. At higher
concentrations, GO-NPs tended to cluster together, forming aggregates
that disrupt the uniform distribution within the matrix. This agglom-
eration can lead to weak points or voids within the NC, resulting in
poorer mechanical performance. At higher concentrations, decreased
adhesion and lack of proper interaction among the particles and the
matrix diminished total MS. Thus, the optimal GO-NP concentration for
maximizing mechanical performance in the PU/PCL/GO-NC is 2 %,
where the balance between effective reinforcement and prevention of
NPs clustering was achieved, ensuring both enhanced strength and
structural stability.

Fig. 10 illustrates how the YM of PU/PCL/GO-NC changes with
various concentrations of GO-NPs. As GO-NP concentration increased
from 0.5 % to 2 %, YM increased from 5.91 to 6.63 MPa. This increase in
YM reflected a stiffer material, attributed to strong covalent bonding
between GO-NPs and the polymer matrix, which enhanced the
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Fig. 10. The variations of YM in designed NC based on the amount of GO-NPs.
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composite’s resistance to deformation under stress. From a physical
perspective, the rise in YM with increased GO-NP concentration up to 2
% was due to the effective reinforcement provided by the NPs. GO-NPs
integrated into the polymer matrix and improved load transfer and stress
distribution, leading to a more rigid and elastic material. The strong
contacts between GO-NPs and polymer chains led to the increased me-
chanical responsiveness seen in the higher YM. However, with a larger
concentration of GO-NPs (5 %), the YM drops somewhat to 6.57 MPa.
This drop was most likely due to NP agglomeration, in which excessive
GO-NPs cluster together, disrupting uniform dispersion and generating
areas with weak interfacial bonding. These aggregates can introduce
defects and weak points within the matrix, reducing total stiffness and
compromising the mechanical integrity of composite. This pattern of
increase with moderate GO-NP addition and decrease with excessive
GO-NPs parallels findings by Peng et al. [25], who observed similar
decreases in YM with increasing Temp, and Heydari et al. [26], who
reported improvements in YM with increased PCL content. The analysis
reveals that the patterns in MPs examined in the present study align with
previous research, indicating that ideal reinforcement and excessive
concentrations affected mechanical performance.

Fig. 11 displays the mean square displacement (MSD) of NC with
respect to GO-NPs. MSD and glass transition Temp (Tg) were critical
properties that provided insights into the MD and structural behavior of
NCs. MSD measures the average distance that atoms or molecules move
over time, which is closely linked to the material’s mobility and,
consequently, its MPs and TPs. The inclusion of GO-NPs in PU/PCL/GO-
NC material had a substantial effect on its properties, mainly because of
the robust interactions between polymer matrix and GO-NPs. The
incorporation of GO-NPs into the polymer matrix resulted in their
interaction with the adjacent polymer chains, therefore limiting their
mobility and consequently decreasing MSD. This is because the rigid
GO-NPs imposed constraints on the motion of polymer chains, leading to
a more confined molecular environment. The decrease in MSD from 0.26
to 0.22 A when increasing GO-NP content from 0.5 % to 2 % reflected
this enhanced interaction and reduced molecular mobility. This reduced
mobility was associated with a decrease in Tg, observed at 318 K, as the
NPs disrupt the polymer’s molecular arrangement, limiting the coop-
erative segmental motions necessary for the glass transition. However,
as the concentration of GO-NPs increased further to 5 %, the MSD
increased slightly to 0.24 A2 This was due to the aggregation or
clumping of GO-NPs at greater concentrations, resulting in less efficient
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Fig. 11. The variations of MSD in the designed NC sample based on the amount
of GO-NPs.
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interaction with polymer chains. In addition, the aggregation of NPs
resulted in a repulsive force among them according to Pauli exclusion
principle. This structural method reduced the mechanical stability
(mechanical strength) of the whole system to a lower level. These ag-
gregates create regions within the NCs where the polymer chains can
move more freely, partially restoring the mobility and thus increasing
MSD. This behavior highlighted the delicate balance between NPs
dispersion and aggregation, which critically affected the MD and total
properties of NCs. Understanding these relationships was essential for
optimizing MPs and TPs of NCs by fine-tuning the NPs content and
distribution.

Table 3 presents the relationship between the quantity of GO-NPs
and MPs (US and YM, MSD parameter), and Tg of PU/PCL/GO-NC
modeled at a Temp = 300 K and a pressure of 1 bar.

4. Conclusion

The TB and MB of PU/PCL/GO was examined using MD simulation
methods. The main computational package consisted of LAMMPS, sup-
plementary modeling, and graphics software. A portion of the simula-
tions utilized in this study were devoted to the analysis and equilibrium
of atomic structures, as well as the investigation of their atomic, MPs,
and thermodynamic properties. In order to accomplish this, simulated
samples were first equilibrated at 300 K and 1 bar of pressure for 10 ns. A
concise summary of the study’s findings is as follows.

e The initial simulated system reached convergence at 300 K after 10
ns, indicating that the simulation settings were correct and sufficient
for this study.

e The PE of particles within the SB converged to a certain value of
16.77 kcal/mol.

e Adding GO-NPs improved TB and MB of designed structure, with

optimal results observed when using 2 % NPs.

Increasing the concentration of GO-NPs from 0.5 % to 2 % resulted in

an increase in HF from 680.95 to 714.09 W/m?. However, when the

concentration increased to 5 %, HF decreased to 705.82 W/m?.

The increase in GO-NP concentration from 0.5 % to 2 % led to an

increase in TC of the simulated NC from 0.69 to 0.93 W/m.K.

However, with a further increase in NP concentration, the TC

reached 0.89 W/m.K.

Increasing the concentration of GO-NPs from 0.5 % to 2 % resulted in

an increase in YM of the simulated NC from 5.91 to 6.63 MPa.
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e Adding more NPs caused lumpiness and reduced the MS of the NC
due to a lack of correlation and proper adhesion among the particles.

e Increasing the concentration of GO-NPs from 0.5 % to 2 % resulted in
a decrease in MSD from 0.26 to 0.22 A2,

e The presence of NPs limited particle movement and decreased
displacement and MSD, according to the obtained results.

These findings suggest that PU/PCL/GO-NCs with optimal GO-NP
concentrations (around 2 %) offer promising advancements in several
applications. These materials are suitable for thermal insulation and
thermal management in electronics due to their improved thermal
conductivity. However, enhanced MPs could be advantageous in
biomedical devices, aerospace structural components, and high-
performance coatings, where thermal stability and strength are essen-
tial. The controlled addition of GO-NPs can thus lead to advanced NCs
materials with tailored properties for a wide range of industrial and
technological applications. However, it should be noted that, the MD
simulations provided valuable insights into the TB and MB of PU/PCL/
GO-NCs, but have limitations, including small system sizes, short
simulation times, and reliance on idealized conditions that may not
account for real-world complexities. To address these limitations, future
research should use larger system sizes, longer simulation times, and
include experimental validation. Moreover, using advanced simulation
techniques and considering real-world processing conditions could
further enhance the understanding of NCs practical applications and
performance.
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The computational method of MD simulation was utilized to examine the temporal behavior and interactions of atoms and molecules. It was used
across diverse scientific fields to acquire comprehension of intricate systems operating at the molecular and atomic levels. By calculating the equations
of motion for each particle in a system numerically, researchers may examine particle interactions and monitor the location and velocity of the
particles over time to comprehend thermodynamic characteristics and system dynamics. The current research utilized comprehensive simulation
software LAMMPS based on the MD simulation methods [36-39]. LAMMPS is a robust software application that provides an extensive array of force
fields and simulation methodologies. These functionalities enable researchers to perform simulations on a significant scale and scrutinize intricate
systems [40,41]. Newton’s second law, which establishes an equation connecting force, acceleration, and particle mass, serves as the foundation for
the MD simulations in LAMMPS [42,43]:

F—SF —mET_ & (1)
li;jqimldﬂ*mldt a
Table 3

Atomic, and mechanical outputs of simulated NC based on the amount of GO. On the other hand, F; is obtained from the negative derivative of

Go US (MPa) YM (MPa) MSD (A2) T, () potential function U [42]:
(%) ou
0.5 55.89 (:0.08) 5.91 (:0.02) 0.26 (+0.01) 324 (+2) Fi==VU=—5 @2)
1 56.32 (+£0.08) 5.99 (+0.02) 0.25 (+£0.02) 321 (+2)

261 261 261 [26] Verlet-Velocity algorithm was commonly used in MD simulations to
2 72.59 (£0.03) 6.63 (+0.05) 0.22 (£0.02) 318 (x2) calculate particle positions and Velocities over time. This numerical
5 70.03 (£0.02) 6.57 (0.03) 0.24 (+0.01) 320 (1)

integration method updates particle positions and velocities based on
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current values and acting forces, resulting in accuracy and stability. This type of algorithm is known for its accuracy in preserving the energy of the
entire system, which is very important in the MD simulation. It is also numerically stable. This signified that the model generated dependable and
consistent outcomes, even when simulating intricate and particle-laden systems. A synopsis of the formulation of this type of algorithm follows [44,
45]:

ri(t+ At) =ri(t) + At vi(t) + % (a-3)
Vi(t+ At) =vi(t) + At a;(t) + At (@ (t) + a(t + AD) (a-4)

2

ri(t) and v;(t) indicates the position and Velocity of particles in the time step (). The position r;(t +6t) and Velocity v;(t +6t) of the particles can be
calculated in the next steps using the corresponding values in the previous step.

Defining the desired system, including the quantities and types of particles, their initial positions, and Velocities, in addition to any limitations or
boundary conditions, is the initial phase in the MD simulation. The system’s scale can vary from a single molecule to an entire solid. The mathematical
representation of particle interactions within a system is a force field. The framework includes terms for potential energy components in addition to
bonding interactions (e.g., covalent bonds) and nonbonding interactions (e.g., van der Waals forces and electrostatic interactions). The selection of the
force field is determined by the intended degree of precision and the properties of the system. The fact that LAMMPS provides access to a variety of
force fields for distinct particle types and systems is one of its benefits. Force fields are essential components in MD simulations as they guarantee the
precise representation of atomic and molecular interactions. They provide the essential data required for the calculation of forces exerted on indi-
vidual atoms, which ultimately dictate the system’s temporal behavior. The LJ and Coulomb force fields were used in this specific investigation to
characterize the interactions between particles within the system under investigation. LJ potential takes van der Waals interactions among elements
into account.

It is characterized by two parameters: well depth (¢;), representing interaction strength, and the equilibrium distance at which potential energy
was zero (oy) [46,47]:

=4[ ()"~ (&) ]r < (a5)

In this study, ar. of 12 A is employed for calculating non-bonded interactions, such as van der Waals and electrostatic forces. This radius defines the
maximum distance at which interactions between particles are considered. By setting a cutoff of 12 A, the simulation balances computational effi-
ciency with accuracy, ensuring that interactions are calculated only within this specified range. This choice helps manage the computational load
while maintaining a reasonable level of precision for the interaction energies and forces.

&= V&g (a-6)
o; + 0
Gij =L 2 J (3-7)

On the other hand, Coulomb interactions consider the electrostatic forces among charged particles which are described by the equation of Cou-
lomb’s law [51]:

-1 qiq;

Uy(r) = 4rey 12

(a-8)

Table a-1
LJ potential function parameters of the present particles [48,49].
Particles € (kcal/mol) 6 (A)
H 0.01 3.20
(¢} 0.415 3.71
C 0.3050 4.18
N 0.415 3.995

The values of ¢ and ¢ of each interaction among the particles
were calculated using Egs. a-6 and a-7 [50].

The accuracy of MD simulations for PU/PCL-NCs with GO-NPs is heavily influenced by the choice of force fields, specifically LJ and Coulomb
interactions [26]. The van der Waals forces are effectively captured by the LJ potential, which is essential for accurately modeling the non-bonded
interactions between the polymer matrix and the GO surface. This directly affects the predictions of MPs, such as modulus and tensile strength.
Meanwhile, the Coulomb potential is essential for accounting for electrostatic interactions, especially given the partial charges on GO’s functional
groups, which significantly affect NCs TPs, such as heat capacity and TC. An imbalance or inaccurate parameterization of these force fields could lead
to erroneous predictions of the MPs and TB of the NCs, underscoring the need for careful selection and calibration to ensure reliable simulation results.
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