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a b s t r a c t

The main uses of bullets are as projectiles in firearms for military, law enforcement, and

civilian purposes. However, bullets have significant industrial applications beyond their

role in weaponry, such as precision drilling, cutting, and shaping of hard materials. Steel

bullets have a very resistant structure and will not be damaged if exposed to corrosion.

Other applications that are resistant to strike and projectiles, such as the automotive and

aerospace industries, are based on fibers or fabrics with high toughness and tensile

strength, such as Kevlar and p -aramid fibers, which are impregnated with some ther-

moplastic or thermoset polymers. Therefore, in the upcoming research, the impact of

external force (EF) with various values (0.1, 0.2, 0.3, 0.4, and 0.5 V/�A) on the strength of

Kevlar nanofibers reinforced with silicon dioxide (SiO2) nanoparticles and ethylene glycol

(EG) has been investigated using LAMMPS software. EG and SiO2 nanoparticles with 10 and

2 vol% were added to Kevlar fabrics, creating a shear thickening fluid (STF) nanocomposite.

The energy parameters of the interaction between the particles, collision velocity, and the

center of mass have been calculated. The findings of the research indicate an increase in

the interaction energy from 111271.85 to 154351.15 kcal/mol, an increase in the collision
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velocity from 0.7046 to 1.5812 �A/fs and an increase in the center of mass from 0.62671 to

1.1670 �A due to the EF applied from 0.2 to 0.4 (kcal/mol)/�A. These results show EF should be

optimized in actual cases for the collision process to occur effectively.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Fiber-reinforced polymer (FRP) composites are materials of a

polymer matrix reinforced with fibers. These fibers can be

made of various materials, including glass, carbon, or aramid.

Composites are known for their high strength-to-weight ratio,

corrosion resistance, and durability, making them useful in

various applications, from aerospace to construction [1e7]. In

ancient times, people protected themselves from harm with

various materials. Later, they developed a bulletproof vest

that protects against critical internal injuries caused by bul-

lets. Today, Kevlar fibers are considered one of the most

widely used aramid fibers due to their high strength to light

weight ratio. Although Kevlar is a better material for this

application, the vest wearer must absorb the bullet's energy,

causing severe damage and blunt force trauma. Only many

layers of Kevlar can protect the wearer, which increases the

weight of the armor. It also does not protect against other

injuries such as knives or sharp objects. Nowadays, nano re-

inforcements act as materials with many applications in

various fields. High strength, lightweight, and excellent en-

ergy absorption properties make them suitable materials for

military applications. Kevlar nanofibers can be reinforced

with silicon dioxide (SiO2) nanoparticles and ethylene glycol

(EG) to create a shear-thickening fluid (STF) nanocomposite.

This type of nanocomposite has unique properties, such as

changing from a liquid to a solid-like state when subjected to

mechanical stress [8]. This makes STF nanocomposites useful

in various applications, such as body armor, protective gear,

and impact-resistant coatings [9]. Adding SiO2 nanoparticles

and EG to Kevlar nanofibers enhances the mechanical prop-

erties of the resulting STF nanocomposite, making it stronger

and more durable.

So far,many researchers have focused on Kevlar nanofibers

reinforced with different nanoparticles due to their desirable

properties [10e13]. For instance, Sun et al. [14] evaluated high-

strength, lightweight Kevlar-reinforced graphene oxide archi-

tectures. The purpose of this study was to investigate the

mechanical properties and durability of these devices in spe-

cific conditions. The researchers subjected these devices to

two different tests: (i) an impact test with a force of 9.1 N

caused by the fall of a metal ball; and (ii) a bending test with

deformation up to 90�. It is worth noting that the devices did

not change during these tests and remained untouched. The

findings of this study show that the combination of hydrogel/

Kevlar and reduced graphene oxide fabric in these symmetric

gel-state devices provides a strong and durable material with

potential applications in fields where resistance to mechanical

stresses and shocks is essential. Wang et al. [15] fabricated an

enhanced Kevlar-based triboelectric nanogenerator (EK-TENG)
with excellent protection and stable sensing capability in

harsh loading environments with graphene on Kevlar fabric.

The results showed that the anti-ballistic EK-TENG could

withstand a bullet of 126.6 m/s, higher than the 90.1 m/s of

regular Kevlar. Amirian et al. [16] experimentally and numer-

ically investigated Kevlar-basalt hybrid composites’ high-

velocity impact (HVI) behavior based on epoxy. The results

showed that the hybridization improves the behavior of the

composites in high-velocity impacts compared to the non-

hybridized samples. Pandya et al. [17] compared the ballistic

impact behavior of T- 300 Carbon/Epoxy composite with E-

glass/Epoxy composite. Results showed that the E-glass/epoxy

specimen had a higher ballistic limit velocity than the T-300

carbon/epoxy specimen. Parameters such as projectile shape,

velocity, and target thickness were kept constant. Elazab [18]

examined the strength of reinforced nanocomposite of Kevlar/

epoxy. The results showed that reinforcing fabrics adds more

strength to fabrics instead of using several non-reinforced

fabrics. This increases the weight, thickness and reduces the

cost of the final product.

According to the results obtained from the previous section,

no study has been done on the effect of the force of the iron ball

on the strength of Kevlar nanofibers usingmolecular dynamics

(MD) simulation. In the present study, the simulated Kevlar

nanofibers were reinforced with SiO2 nanoparticles and EG

using LAMMPS software based on MD concepts in the present

study. EG and SiO2 nanoparticles with a 10 and 2 vol% fraction

were added to Kevlar fabrics, creating an STF nanocomposite.

The use of MD simulation to model the behavior of FRP com-

posites provides the ability for researchers to gain insights into

how the individual components of the material interact with

each other and how these interactions affect the overall me-

chanical properties of thematerial in future research. This can

help guide the development of new FRP composites with

improved performance characteristics.
2. The MD simulation approach

2.1. Basic concepts and formulations

One of the most important and accurate simulation methods

is the MD. The MD simulation is one of the computational

branches of physics and can describe and simulate the inter-

action between particles in time intervals based on the laws of

physics. This method was first used in 1959 by Alder and

Wainwright [19] based on the hard-sphere model. By the MD

simulation, many properties of the whole system can be un-

derstood according to the structure and interactions of the

constituent atoms or molecules. Newton's equations of mo-

tion are one of the basic equations that are the basis of the MD
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Table 1 e LJ potential function parameters of particles in
MD simulation based on selective force field [29,30].

Particles s (�A) ε (kcal/mol)

H 2.886 0.044

N 3.6660 0.069

C 3.851 0.105

O 3.710 0.4150

Si 3.69 0.0043
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simulation method. By solving these equations for the parti-

cles that make up the system, the movement path of all the

particles can be simulated over time. The force acting on

particle i can be expressed as follows through the potential

function [20]:

Fi ¼miai ¼ �ViU ¼ �dU
dri

(1)

In Eq. (1), mi is the mass of the ith particle. Acceleration is

also obtained from the following relationship [20]:

ai ¼d2ri
dt2

(2)

From the combination of Eqs. (1) and (2), the position of the

particles is obtained using the potential function [20]:

�dU

dri
¼ mi

d2ri
dt2

(3)

In this method, the analytical description of particle mo-

tion is difficult and sometimes impossible because the force

acting on a particle depends on its position relative to other

particles. For this reason, integral algorithms should be used

to solve the equations of motion. The velocity-

Verlet algorithm is a valuable numerical integration technique

developed from the finite difference method. Its main appli-

cation lies in solving Newton's equations of motion, making it

an essential tool in MD simulation, computational physics,

and other fields where the dynamic behavior of particles and

systems must be accurately and efficiently simulated over

time [21,22]. In this method, the total simulation time is
Fig. 1 e Overview of the simulated structu
converted into very small times, the integration calculations

are performed in very small and equal intervals, and the force

will be obtained as a total of the interactions of the particle

with the surrounding particles in equal and small time in-

tervals. The velocity-Verlet algorithm is applied in LAMMPS

software according to Eqs. (4) and (5) [21,22]:

ri ðtþDtÞ¼2 riðtÞ� riðt�DtÞ þ
 
d2ri
dt2

!
ðDtÞ2 (4)

viðtÞ¼ ri ðtþ DtÞ � riðt� DtÞ
2Dt

þ d
�
Dt2
�

(5)

According to Eqs. (4) and (5), the final value of the position

and velocity of the particles is calculated by having the initial

position and velocity as well as the size of the time steps. The

definition of the potential function and interparticle forces is

one of the important factors in the MD simulations so that

with a more accurate selection of the force field, the actual

path taken in the physical process can be predicted more

accurately. For this reason, the identification and selection of

force fields and potential function are highly necessary. In this

research, Lennard Jones (LJ) and Embedded Atom Method

(EAM) potential functions have been utilized to describe the

interaction between particles and metal particles [23,24].

Previous studies show that the LJ potential function defines

the interaction between polymer structures well [25,26]. Also,

the LJ potential can be used to model the nonbonded in-

teractions between polymer chains and nanoparticles in

polymer nanocomposites [27]. In the following, thementioned

potential functionswill be discussed. The LJ potential function

is expressed by Eq. (6) [28]:

ULJ ¼ 4εij

��sij

r

�12
�
�sij

r

�6�
(6)

In Eq. (6), the epsilon defines the interaction well, and the

sigma constant describes the distance at which the atomic

interaction is zero, and r is the interatomic distance. The

interaction between other particles in the simulation is

described using Table 1 and Eqs. (7) and (8) [29].
re a) before and b) after equilibration.
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Fig. 2 e The chemical structure of the a) Kevlar fiber, b) EG, and c) SiO2 nanostructures.
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εij ¼ ffiffiffiffiffiffiffi
εiεj

p
(7)

sij ¼
si þ sj

2
(8)

The EAM potential is a type of interatomic potential used in

MD simulations to model metallic systems. The EAM potential

has been used to study a wide range of metallic systems,

including puremetals, alloys, andmetallic surfaces [31,32]. The

EAM potential introduced by Daw et al. [33] and Foiles et al. [34]

is the most used potential function in the current study. The

EAM is a multi-body potential function represented as follows:

Ui ¼
XN�1

i¼1

XN
j¼iþ1

4
�
rij
�þXN

i¼1

FðriÞ (9)
ri ¼
XN
i¼1

j
�
rij
�

(10)

In which i and j are the interacting atoms among N atoms

with the distance of rij. F(rij) and F(ri) are the interatomic en-

ergy and potential embedding function, respectively.

2.2. Simulation details

The current work evaluated the iron bullet's external force (EF)

effect on the STF nanocomposite resistance during collision

using MD simulation. First, Kevlar fiber is modeled utilizing

Avogadro software. Next, to model the STF, nanocomposites,

EG, and SiO2 nanoparticles were modeled using Avogadro

https://doi.org/10.1016/j.jmrt.2023.08.064
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Fig. 3 e KE alterations of the investigated structure vs. time

step.
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software and with 10 and 2 vol% were added to the initial

Kevlar structure. These atomic structures are packed utilizing

Packmol software. The number of simulated particles in the
Fig. 4 e a) PE alterations of the investigated structure vs.

time step. b) the RDF output of Kevlar (NeN) nanostructure

after equilibrium phase detection.
upcoming work is 5160 atoms. The dimension of the simula-

tion box is considered 110 �A in all directions. The boundary

conditions considered for investigating the desired structure

are periodically in the X and Y directions and fixed in the Z

direction. Next, an iron bullet is modeled with a radius of 7 �A

using LAMMPS software. The number of iron particles in the

simulation box is 117 atoms. This study investigated the effect

of the speed of the iron ball on the strength of the STF nano-

composite. When an iron bullet collides with STF nano-

composites, the outcome depends on various factors, such as

the speed and force of the collision. STF nanocomposites are

generally designed to absorb and disperse energy, so the iron

bullet would likely experience some resistance when

colliding. The STF nanocomposites would stretch and deform

under the impact force, absorbing some energy and reducing

the impact force on the other side of the material. However,

the STF nanocomposites could break or tear if the collision is

forceful enough, allowing the iron bullet to pass through. The

initial temperature was set to 300 K using the NVT (Constant

temperature, constant volume) ensemble. And the Nose-

Hoover thermostat has been utilized to control temperature.

After modeling the initial structure, the equilibration of

simulated structures is checked with the change in kinetic

energy (KE) and potential energy (PE). Fig. 1 shows the desired

STF nanocomposite structure before and after the equilibrium

process. And chemical structure of the Kevlar fiber, EG, and

SiO2 nanostructures is shown in Fig. 2. After making sure of

the accuracy of the modeled structure, the iron bullet is

thrown towards the STF nanocomposite with different speeds

and the velocity of the moment of collision, the energy on the

interaction between particles, and the distance of the center

of mass by change is checked. To change the velocity of the

iron bullet, an EF with magnitudes of 0.1e0.5 (kcal/mol)/�A is

applied to it. In this step, the ensemble change from NVT to

NVE (Constant energy, constant volume).
3. Results and discussion

Before collision simulation in current research, the equilib-

rium process of the modeled sample was done for 100,000-
Fig. 5 e Alterations in the interaction energy in the desired

nanocomposite vs. time step.
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time steps. Here, the used thermostat decreased the atomic

fluctuations to a constant value, and the physical stability of

themodeled system can be concluded from this procedure. KE

changes in this step are depicted in Fig. 3. Numerically, the KE

converged to 23362.68 kcal/mol in the final time step of the

equilibrium phase. This convergence arises from atomic

mobility decreasing by simulation time passing. Furthermore,

PE parameter changes as a function of simulation timesteps

show similar behavior. This parameter converged to

�9995.944 kcal/mol after equilibrium phase detection inside

the MD box (Fig. 4). Physically, The balance established in

repulsive and attractive forces between particles stabilizes the

structure in an equilibrium position, which indicates the sta-

bility of the structure in the defined initial condition. This

behavior is consistent with previous reports and shows

appropriate settings in current research [35,36].

Also, to validate our computational approach in current

research, the radial distribution function (RDF) of equilibrated

nanocomposite calculate (see Fig. 4b). The RDF output is

consistent with the previously reported atomic structure. It

shows the correctness of our computationalmethod in current

research [37]. Furthermore, to show the adoption between the

defined atomic model and the used force field, the center of

mass of the matrix in the initial and final time steps of this

section is calculated. Numerically, the center of masses of the

nanocomposite samples are 54.26, 53.08, 10.16 �A as well as

57.52, 46.20,17.39 �A, in the initial and final steps, respectively.

From these outputs, itwas concluded that the nanocomposite's
center of mass does not diverge with time steps passing.

Before simulating an impact, it is important ensuring that

the iron bullet size is appropriate. For this purpose, the

interaction energy between bullet atoms and matrix atoms

(separately) was measured. MD approach predicted a magni-

tude of 3.28 and 2.90 kcal/mol for these parameters, respec-

tively. The comparability of these interaction energies

predicted the effective atomic evolution of nanocomposite

after an iron bullet collided with this structure.

In this section, the interaction energy of the simulated

particles has been evaluated in 400,000-time steps by applying

an EF of 0.1 (kcal/mol)/�A. Interaction energy changes can be
Fig. 6 e Alterations in the collision velocity in the desired

nanocomposite vs. time step.
described as collision phenomena. As shown in Fig. 5, the

interaction energy converged to a larger ratio by collision in-

side the simulation box. This process arises from atoms' dis-
tance decreasing between modeled parts. By decreasing

interatomic distance, the system's energy enlarged and

reached 111271.85 kcal/mol after 400,000-time steps. This

energy enlarging predicted mutual interaction between the

bullet and STF-based nanocomposite.

Also, the velocity of the bullet followed a similar pattern.

As shown in Fig. 6, the bullet's velocity increases, and this

procedure shows an effective collision process. It can be said

that the fluctuation of this quantity over time indicated

structural fluctuations in the sample. Numerically, this

physical parameter converged to 0.7046 �A/fs in the current

computational step.

Distance between the center of mass of the bullet and STF-

based nanocomposite addressed atomic collision in modeled

samples with more details. Numerical outputs for this

parameter are reported in Fig. 7. MD outputs predicted center

of mass distance decreases by simulation time passing. This

process shows bullet samples and pristine composite as

separate systems approach each other. Physically, the

attraction force enlarging against repulsive mutual force

caused the bullet sample to diffuse inside the atomic matrix,

and the center of mass distance difference decreased. After

this diffusion, the repulsive force was created, and the center

of mass difference increased to 0.62671 �A. These calculations

predicted 400,000-time steps to fulfill the coalition phenome-

non in the defined initial condition. The described collision

process is depicted in Fig. 8.

EF, implemented to the bullet in the collision process, is an

important parameter for this particle-base procedure. Fig. 9

shows that the interaction energy between the bullet and

STF-based nanocomposite increased by EF enlarging and

reached a maximum ratio of 0.4 (kcal/mol)/�A. This calculation

predicted the collision process to occur effectively by using

this EF. We expected the attraction force between two isolate

samples to be maximized more efficiently using this EF and

collision procedure. More enlarging of EF caused repulsive

force between particles in various regions ofmodeled samples
Fig. 7 e Alterations in the center of mass in the desired

nanocomposite vs. time step.
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Fig. 8 e The desired STF nanocomposite a) before and b) after the impact of the iron bullet.
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to be activated, and the diffusion process of the bullet inside

the nanocomposite was disrupted. Structurally, this perfor-

mance arises from interatomic distance decreasing between

bullet particles and matrix, which arises from collision ve-

locity enlarging as depicted in Fig. 9. The interaction energy

and velocity in optimum condition converged to 154351.15

(kcal/mol)/�A and 1.5812 �A/fs, respectively.

Alterations in the collision velocity of the projectile on the

nanocomposite due to the application of various EFs are pre-

sented in Fig. 10. The finding of this part demonstrates that

the increase of EFs applied to the projectile leads to the in-

crease of the projectile velocity. Therefore, the projectile hits
Fig. 9 e Alterations in the interaction energy vs various EF.
the target with more energy and velocity. Moreover, the

collision velocity of the iron bullet with the desired nano-

composite increases linearly with the increase of the force

applied to the iron bullet. The numerical results are fully

written in Table 2. Based on these results, by incrementing the

force applied to the iron bullet from 0.2 to 0.5 (kcal/mol)/�A, the

values related to the collision velocity have incremented from

1.1429 to 1.7565 �A/fs.

Fig. 11 shows the center of mass difference as a function of

EF. As reported before, by using 0.4 (kcal/mol)/�A EF, the colli-

sion process occurred effectively, and the center of the mass
Fig. 10 e Alterations in the collision velocity vs. various EF.
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Table 2 e The alterations of interaction energy parameters, collision velocity, and center of mass versus applied EF.

EF ((kcal/mol)/�A) Interaction Energy (kcal/mol) Collision Velocity (�A/fs) Center of mass (�A)

0.1 111271.85 0.7046 0.62671

0.2 122303.52 1.1429 0.9327

0.3 129401.30 1.3989 0.9695

0.4 154351.15 1.5812 1.1670

0.5 100004.41 1.7565 0.2503

Fig. 11 e Alterations in the center of mass vs various EF.
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difference between modeled matrix and bullet reached

1.167 �A. By increasing the EF, the collision process caused

modeled matrix to penetrate and the pristine matrix to be

destructed by MD time passing. So, optimization of EF in

described simulation is necessary for the defined initial con-

dition. In actual cases, we expected similar outputs. So, we

concluded EF changes could be manipulated diffusion ratio of

the metallic bullet inside an STF-based matrix and should be

supposed in actual applications. Numerically, the center of

mass difference changes from 0.62671 to 0.2503 �A by EF vari-

ation, as listed in Table 2.
4. Summary and conclusions

The present work evaluated the effects of the force applied to

the iron bullet at the moment of collision with the nano-

composite. The force applied to the iron bullet was adjusted in

various values (0.1, 0.2, 0.3, 0.4, and 0.5 ((kcal/mol)/�A)). The

finding of the research was evaluated utilizing the MD simu-

lation procedure. At first, the structure was balanced in the

initial conditions and 100,000-time steps utilizing the NVT

ensemble. In another step, after 400,000-time steps, the en-

ergy parameters of the interaction, the collision velocity of the

iron bullet on the target nanocomposite, and the center of

mass of the particles were determined utilizing the NVE

ensemble. The results are summarized below.

� The finding of this article demonstrates that the KE of the

desired structure has approached a specific number

(23362.68 kcal/mol) after the 100,000-time step.
� The results demonstrate that the PE quantity reaches the

value of �9995.944 kcal/mol after the 100,000-time step.

The negative sign is due to the attendance of an attractive

force between the particles, and this force causes the par-

ticles to be close to each other in the simulation.

� By applying an EF of 0.1 (kcal/mol)/�A to the iron bullet, the

nanoparticles are compressed together and lead to a

quantity of interaction energy reaching the value of

111,271.85 kcal/mol in the 400,000-time step.

� By increasing the time step to 400,000 and introducing an EF

of 0.1 (kcal/mol)/�A to the projectile, the velocity alterations

at the moment of collision have incremented linearly.

� By applying a force of 0.1 (kcal/mol)/�A to the iron bullet and

incrementing the time step, the distance of the center of

mass of the particles increments to 0.62671 �A.

� When the EF applied to the iron bullet reaches from 0.2 to

0.4 (kcal/mol)/�A, the amount of interaction energy in-

creases from 122303.52 to 154351.15 kcal/mol, and then by

applying more EF (0.5 (kcal/mol)/�A), this value decreases to

100004.41 kcal/mol.

� When the EF applied to the iron bullet reaches from 0.2 to

0.5 (kcal/mol)/�A, the collision velocity of the iron bullet on

the STF nanocomposite increments linearly from 1.1429 to

1.7565 �A/fs.

� When the EF applied to the iron bullet reaches from 0.2 to

0.4 (kcal/mol)/�A, the distance of the center of mass reaches

from 0.9327 to 1.1670�A and then by applying a larger EF (0.5

(kcal/mol)/�A), the mentioned parameter is reduced to

0.2503 �A.
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