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Abstract. Amorphous silica is widely used in advanced materials and nanocomposites due to 

its unique mechanical and structural properties. Understanding its mechanical behavior and 

the characteristics of silica nanoparticles is essential for optimizing their performance in 

various applications. This study numerically investigates the mechanical properties of 

amorphous silica material and the formation of silica nanoparticles using Molecular Dynamics 

(MD) simulations. Amorphous silica is generated from a crystalline structure through a melt-

and-quench procedure. To determine its mechanical properties, six virtual mechanical tests 

are performed to compute the apparent elasticity tensor, from which the elastic moduli are 

extracted via an isotropic projection. The results indicate that amorphous silica exhibits nearly 

isotropic mechanical behavior, with high stiffness characterized by a bulk modulus of 36.84 

GPa, a shear modulus of 30.49 GPa, a Young’s modulus of 71.69 GPa, and a Poisson’s ratio 

of 0.18. Additionally, the study explores the formation of silica nanoparticles with radii of 1.5 

nm, 3.0 nm, and 4.8 nm. The analysis reveals that surface roughness increases as nanoparticle 

size decreases, which may have implications for interfacial interactions in composite 

materials. These findings contribute to the understanding of amorphous silica’s mechanical 

behavior and its potential application as a reinforcing nanomaterial in polymer composites.  
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1. INTRODUCTION  

Silica material has received a great deal of attention from researchers because of its 

importance in various applications such as composite reinforcement, electrical insulators, 

optical devices, and substrates in nano- and micro-electronic systems [1]. Due to good 

mechanical properties, magnetic strength, dielectric strength, thermal conductivity and 

selectivity for chemical modification, amorphous silica has become a key material in many 

fields [2] for instance structural composites, coatings, and nanomaterial applications. 

However, the amorphous structure has not been as thoroughly investigated as has crystalline 

silica [3]. 

From a mechanical point of view, amorphous silica nanoparticles are commonly used as 

nanofillers to reinforce polymer matrices [4]. The incorporation of silica nanoparticles can 

significantly enhance the mechanical strength, toughness, and thermal stability of polymer-

based materials, making them widely applicable in structural composites, coatings, and 

biomedical materials. Despite the existence of several scales in nano-reinforced materials, 

small scales have not been fully explored, especially in terms of mechanical properties [5]. It 

is worth noting that interactions at small scales must be taken into account in multi-scale 

modeling of nano-reinforced materials, as they have not-insignificant effects on the 

macroscopic properties [6]. Various experimental studies have investigated local interactions 

at small scales (for instance between nanofillers and polymer chains in a polymer 

nanocomposite). For example, Berriot [7] and Papon [8] employed nuclear magnetic 

resonance to explore the matrix behavior near the surface of the nanofillers. Despite the 

widespread use, the mechanical response of silica nanofillers at the atomic and nanoscale 

levels remains a subject of ongoing research. 

With the growth of computer simulation, various computational tools have been 

introduced to simulate materials at small scales. Among them, Molecular Dynamics (MD) 

simulation has been extremely widely used in recent years in materials science, as a powerful 

technique for understanding materials at atomic scale, especially for silica-based materials [9]. 

By simulating the deformation of amorphous silica under controlled loading conditions, MD 

allows for the determination of fundamental mechanical properties such as elastic moduli, 

bulk modulus, shear modulus, and Poisson’s ratio. Previous studies have demonstrated the 

feasibility of MD in predicting the mechanical properties of amorphous materials. For 

instance, Vo et al. [10] investigated various factors that could affect the mechanical properties 

of amorphous silica such as boundary conditions, loading, size of domain, etc., using MD 

simulations. In another work, Yuan and Huang [11] have studied the tensile and brittle 

fracture behaviors of amorphous silica nanowire  in an uniaxial tension. Later, Yuan and 

Huang [12] have performed MD simulations to investigate the influence of domain size on the 

elastic behavior of amorphous silica. However, further research is needed to assess the 

mechanical behavior of amorphous silica and validate its mechanical response through 

different virtual tests [1]. 

In addition to bulk material characterization, the formation and behavior of silica 

nanoparticles have gained significant attention, particularly in the context of nanocomposite 

materials [13]. Silica nanoparticles are commonly used as reinforcements in polymer 

matrices, where their surface properties and interaction with the surrounding matrix 

significantly affect the overall mechanical performance [13]. The structure and morphology of 

these nanoparticles, especially their surface roughness, play a crucial role in determining 
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interfacial adhesion and load transfer efficiency in composite materials [14]. Therefore, 

studying the formation of silica nanoparticles at the atomic scale is essential for optimizing 

their mechanical performance in engineering applications. 

In this study, we use MD simulations to determine the mechanical properties of 

amorphous silica and prepare nanoparticles. The amorphous structure was obtained from α-

quartz crystalline structure using a melt-and-quench process. The elasticity tensor of the 

material was obtained by means of a virtual testing procedure involving three tensile and three 

shear tests, respectively. Additionally, silica nanoparticles with varying sizes are generated to 

examine their structural characteristics and surface roughness. The results of this study 

contribute to a deeper understanding of the mechanical behavior of amorphous silica and its 

potential application as a reinforcing nanomaterial in polymer composites.   

2. MATERIALS AND METHODS 

2.1. Molecular dynamics simulation 

Numerical techniques for atomistic simulation were developed at a very early stage by 

chemists and physicists. One of the first simulations was carried out by Allen et al. [15], which 

formed the basis for statistical mechanics simulations at atomic and molecular levels. The 

displacements of the particles in Metropolis’s simulation were caused to evolve successively 

and randomly according to a criterion of conditioned probability [16]. The evolution of the 

particles over time alone is not a sufficient observation factor. Later, dynamic aspects were 

introduced into the particulate system by Allen et al. [15]; this paved the way for the 

development of Molecular Dynamics (MD). With MD, we can simulate the temporal 

evolution of the particle system by considering interactions between particles or between the 

system and the universe [17]. MD is now becoming one of the most widely used branches for 

understanding a broad range of phenomena in chemistry, physics and mechanics [18]. In this 

study, we focus on “classical” MD, where the potential field is determined empirically and the 

forces are  derived from this potential field [19]. 

The main purpose of MD is to describe the dynamics of a group of particles based on 

Newton’s laws as a function of time. Consider a system of N particles occupying a volume V 

in space. These particles have positions ri and velocities vi, and consequently masses mi (with 

i = 1, ..., N). Over time, the particles interact with one another within the system, and the 

system also interacts with its external environment. The method begins by initiating the 

system – mainly setting the initial positions and velocities of the particles, as well as the 

boundary conditions. Next, the total potential energy of the system is calculated from a given 

potential field on the interactions between the particles. Then, the forces and therefore the 

accelerations of each of the particles in the system are calculated. Newton’s classic equations 

of motion are then integrated numerically in order to obtain the new positions and velocities 

of the particles, with pressure and temperature control in parallel. This procedure is looped 

until the system reaches equilibrium under certain conditions. Finally, the desired results are 

collected and analyzed. MD is a well-established method, further details of which are 

available in [20]. In this work, MD simulations were performed using LAMMPS code [21]. 

2.2. Method for generation of amorphous silica material 

In this study, the amorphous structure of silica was created from crystalline silica using a 

melt-and-quench procedure (the crystalline structure was α-quartz, which is the most common 

polymorph of the silica minerals) [22]. The method is detailed below. 
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2.2.1. Atomistic description of crystalline silica structure 

The α-quartz silica structure is made up of silicon (Si) and oxygen (O) atoms. Two 

interactions are taken into account for this atomic structure. The first is Van der Waals 

interaction, which is represented by a Buckingham potential [23]: 

3
1 6

2

( ) exp ,BCK

Br
r B

B r
  (1) 

where the parameters are as indicated in Table 1 below: 

Table 1. Buckingham potential parameters for the simulation of atomic silica. 

Interaction B1 B2 B3 

Unit eV Å eV/ Å6 

Si-Si 0 0.0657 0 

Si-O 18003.7572 0.2052 133.5381 

O-O 1388.7730 0.3622 175 

The second interaction is Coulomb interaction, which is represented in the form [24]: 

0

( ) ,
4

i jij

Coulomb ij

q q
r

r
  (2) 

where qi and qj are the electrical charges of the atom i and j respectively (qSi = 2.4e and 

qO = −1.2e, with e being the elementary charge of the proton), and ɛ0 is the permittivity of the 

vacuum. The molar masses of Si and O are 28.0860 g/mol and 15.9994 g/mol respectively 

[25]. α-quartz silica is composed of unitary cells, each of which has geometric parameters 

including the cell lengths (denoted by (a, b, c)) and associated angles (denoted by (α, β, γ)) 

[26]. These parameters for the unitary cell are as follows: a = b = 4.9137 Å, c = 5.4047 Å, α = 

β = 90°, and γ = 120°. The initial configuration of α-quartz is then created by assembling 

multiple cells to form a super cell, using the Pizza.py toolbox which is included in the 

LAMMPS code [21]. 

2.2.2. Procedure for generating amorphous silica structure 

The α-quartz silica is first equilibrated at 300 K and 0 isotropic pressure, using the Nosé–

Hoover thermostat to control temperature and pressure [27]. Then, the simulation box is 

heated to 10000 K, while keeping the pressure unchanged. This heating changes the structure 

from crystalline to molten. Finally, the temperature is returned to 100 K to obtain an 

amorphous structure. It should be noted that NPT treatment is applied to equilibrate the 

system (100 K temperature and 0 isotropic pressure). For more discussion on the 

transformation of crystalline silica to molten and finally to amorphous structure, readers can 

refer to [28]. 

2.2.3. Reduction of computational time: Method for obtaining equivalent elastic structure 

The amorphous silica presented above, with the Buckingham and Coulomb potentials, is 

very costly in computation time, especially in terms of Coulomb potential [25]. In order to 

speed up the computation, therefore, we wish to replace all the interactions in atomic structure 

with their equivalent elastic interactions. Such elastic interactions were employed to maintain: 
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(i) the bond length between the Si and O atoms and (ii) the O–Si–O and Si–O–Si angles, 

respectively, as in the atomic structure. This approximation therefore allows us to preserve the 

amorphous structure of the silica, and also the mass density, the energy and – most 

importantly – the mechanical behavior. Furthermore, such replacement reduces the 

computation time. 

To this end, tables describing the connection of the atoms were established, helping to 

assign the elastic bonds to be replaced. In the replaced amorphous structure, we used the 

elastic bonding potential: 

2

0

1
( ) ,

2
b br K r r  (3) 

 and the elastic bending potential: 

2

0

1
( ) cos cos ,

2
K     (4) 

for the replacement (Kb, r0, Kθ and θ0 are the parameters, and r and θ are the variables of 

the models, respectively). In order to preserve the mass density, the geometry of the structure 

and the mechanical behavior, the parameters of the elastic potential models were identified on 

the basis of the initial amorphous structure. 

2.3. Mechanical testing for obtaining elasticity tensor 

As we are interested in the isotropic mechanical behavior of amorphous silica, boundary 

conditions were assigned to obtain the corresponding modulus of the material. For instance, a 

tensile test along the x1 axis provided the Young’s modulus E1 of the material. Similarly, a 

shear test in the plane x2x3 measured the shear modulus µ23 of the material. However, as there 

is a non-negligible degree of noise in MD simulation, even for an isotropic material, the 

values of the moduli obtained do not entirely reflect the isotropic relationships. Consequently, 

in this study, the apparent elasticity tensor of the material was first measured by performing 

six virtual tests (three tensile and three shear tests, respectively) [29]. The apparent elasticity 

tensor is written as (in a matrix form): 
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22 23 24 25 26

app 33 34 35 36

44 45 46

55 56

66

C C C C C C

C C C C C

C C C C
C =

C C C

Sym. C C

C

 
 
 
 

   
   

 
 
  

 (5) 

Secondly, an isotropic projection was applied to the apparent elasticity tensor to obtain 

the isotropic elastic tensor, and therefore the elastic moduli of the material. The isotropic 

projection used to project the apparent tensor is detailed below, employed to obtain the bulk 

and shear modulus (denoted κ and μ, respectively) [30]: 
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The isotropic elastic tensor could be then written as (note that the modified Voigt 

notation was used for the matrix representation of the elasticity tensor [31]): 

iso

+ 4μ / 3 - 2μ / 3 - 2μ / 3 0 0 0

+ 4μ / 3 - 2μ / 3 0 0 0

+ 4μ / 3 0 0 0

2μ 0 0

Sym. 2μ 0

2μ
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 



 
 
 
 
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   

 
 
  

C  (7) 

The relationships between the isotropic moduli could be written as 

E E
= μ =

3(1- 2ν) 2(1+ ν)
,    (8) 

where E is the Young’s modulus and ν is the Poisson’s ratio of the material. 

2.4. Formation of silica nanoparticles 

In this study, silica nanoparticles were prepared from the elastic structure described 

above. In order to cut out the nanoparticles, a method based on realistic models containing 

silanol groups on the surface [32] was adopted. The nanoparticles comprised a spherical core 

(exhibiting similar structural characteristics to bulk silica), and a shell surrounding the core 

(containing silanol groups). For this purpose, five types of atoms were introduced, for the core 

(Sin and On), and for the shell (Sie, Oe
c1 and Oe

c2), respectively. Oe
c1 and Oe

c2 represent oxygen 

atoms in the shell connected to one and two Sie atoms, respectively. We use the notation Rp to 

represent the desired radius of the nanoparticle; Rcp represents the radius of the spherical core 

and therefore the thickness of the shell ee = Rp - Rcp. It must be ensured that the thickness ee of 

the shell has a minimum value of 0.9 nm [32]. 

• Load the elastic amorphous silica structure (index, positions, types (Si or O)); 

• Calculate radial distance between all atoms and the center of the simulation box (the 

center of the simulation box is the center of the nanoparticle); 

• Remove all atoms outside of the sphere with a radius of Rp; 

• Loop over all Si atoms to count, identify and store all neighboring O atoms (with a 

maximal radial distance of 0.19 nm); 

• Remove all Si atoms having fewer than 4 neighboring oxygens previously identified, 

and located at a radial distance greater than Rcp; 

• Remove all O atoms in the shell (i.e. radius larger than Rcp), having no connection 

with Si atoms at a radial distance less than 0.19 nm; 

• For the rest of oxygen atoms in the shell, identify Oe
c1 atom type (having only one Si 

connection with a maximal distance of 0.19 nm), and Oe
c2 atom type (having two Si 

connections with a maximal distance of 0.19 nm); 

• Update the connectivity tables, indicating all atom types and connections. 
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Finally, the procedure allowed us to obtain amorphous silica nanoparticles with a given 

radius of Rp (a simulation box of amorphous silica larger than 2Rp should be used as input for 

the procedure from a geometric point of view). 

2.5. Simulation setup and parameter summary 

In this study, we attempted to generate three nanoparticles of Rp = 1.5, 3 and 4.8 nm, 

respectively. Such investigation could highlight the surface roughness of nanoparticles of 

different sizes. To this end, three α-quartz silica structures of 7×7×7, 14×14×14, and 

30×30×30 unitary cells were generated, to obtain three nanoparticles of Rp = 1.5, 3 and 4.8 

nm, respectively. Details of the configurations generated in the simulation are given in Table 

2. Note that the length of the simulation box is larger than the diameter of the nanoparticles, 

as discussed previously. For the configurations of Rp = 1.5 and 3 nm, the simulation was 

repeated 20 times. However, for reasons of computation time, the largest silica box was 

simulated only once. Finally, it should be noted that the 30×30×30 cells configuration could 

be used to prepare nanoparticles of Rp = 1.5 and 3 nm. However, initial correlation could not 

be avoided.  

Table 2. Summary of configurations generated. 

Diameter of nanoparticle 2Rp (nm) 3 6 9.6 

Unitary cells 7×7×7 14×14×14 30×30×30 

Length of simulation box (nm) ~3.6 ~6.9 ~14.9 

Number of runs 20 20 1 

3. RESULTS AND DISCUSSION 

3.1. Molecular Dynamics simulation of amorphous silica 

3.1.1. Structural transition from crystalline to amorphous silica 

As presented in Section 2.2.1, the α-quartz crystalline structure was generated for a 

configuration of 7×7×7 unitary cells. For simplicity’s sake, an orthogonal simulation box was 

created in LAMMPS instead of a parallelepiped (i.e. the associated angle γ = 120°). The initial 

velocity distribution of the particles was generated based on a Gaussian distribution, the time 

step was set as 1 fs and the boundary condition was periodic. Details of the potential field are 

given in Table 1. As the transformation from crystalline to amorphous structure is detailed in 

Section 2.2.2, Figure 1 presents visualizations of that transformation. As can be seen, at the 

end of the procedure, an amorphous distribution of the atoms was obtained in the simulation 

box, while maintaining the structural characteristics (in terms of bond lengths and angles). 

 

Figure 1. Visualization of transformation from crystalline to amorphous structure for a 7×7×7 unitary 

cell configuration. 
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3.1.2. Equivalent elastic model for amorphous structure 

This section is devoted to the equivalent elastic model, introduced in Section 2.2.3, 

allowing us to replace the Buckingham and Coulomb potentials with elastic bonding and 

bending potentials. Based on the hypothesis of equivalence between crystalline and elastic 

structures equilibrated at 100 K and 0 isotropic pressure, the parameters introduced in Eqs. (3) 

and (4) were obtained as follows: 

Table 3. Parameters of equivalent elastic models. 

Potential Bond Parameter Value Unit 

ψb Si–O Kb 57573.01 kcal/(mol.nm2) 

  r0 0.1625 nm 

ψθ Si–O–Si Kθ 95.6022 kcal/mol 

  θ0 145 ° 

 O–Si–O Kθ 143.4034 kcal/mol 

  θ0 109.5 ° 

Using the values of the parameters indicated in Table 3, the equivalent elastic model 

exhibited an average Si–O bond length of 0.1625 nm, whereas that value for the initial 

amorphous structure was 0.161 nm. The average O–Si–O angle was about 110° and 112°, and 

the average Si–O–Si angle was about 150° and 140°, for the initial amorphous and equivalent 

structures, respectively. Note the strong correlation obtained to preserve the structural 

characteristics of the amorphous silica, while reducing computation cost (i.e. using elastic 

bonds instead of Coulomb interaction). 

Finally, Table 4 summarizes the characteristics of all configurations in the simulation 

(also see Table 2) for amorphous silica using the equivalent elastic models. The mass density 

was 2452.42, 2441.93, and 2461.78 kg/m3, for the configurations of 7×7×7, 14×14×14 and 

30×30×30 unitary cells, respectively. These values were in accordance with the literature 

[32]. In terms of the geometric parameters of the simulation box, note that the lengths along 

the three axes are very similar. All configurations were ready for determination of mechanical 

properties and preparation of nanoparticles. 

Table 4. Summary of simulations using equivalent elastic models. 

Configuration 7×7×7 unitary 

cells 

14×14×14 unitary 

cells 

30×30×30 unitary 

cells 

Number of runs 20 20 1 

Lengths of simulation box Lx=3.66 nm, 

Ly=3.59 nm,  

Lz=3.64 nm 

Lx=6.85 nm, Ly=6.95 

nm, Lz=7.06 nm 

Lx=14.88 nm, 

Ly=14.90 nm, 

Lz=14.81 nm 

Angles of simulation box 90°, 90°, 90° 90°, 90°, 90° 90°, 90°, 90° 

Mass density 2452.42 kg/m3 2441.93 kg/m3 2461.78 kg/m3 

3.2. Mechanical properties: elasticity tensor and moduli 

In this study, a loading rate of 0.5e-12 MPa/s was applied to test the mechanical properties 

of the amorphous silica (only for the 7×7×7 unitary cell configuration). It should be noted that 

this loading rate was chosen in relation both to computational time and to effect on the test 
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results. The test was conducted up to 0.1-0.15% of strain. Figure 2a presents the stress-strain 

relationships for three tensile tests along the x1, x2, and x3 axes, while Figure 2b presents the 

stress-strain relationships for three shear tests on the x1x2, x2x3 and x1x3 planes. We clearly 

observe the isotropic mechanical behavior of amorphous silica, and its impressive stiffness. 

  

                                       (a)                                                                      (b) 

Figure 2. Stress-strain relationships for (a) three tensile tests along the x1, x2 and x3 axes; (b) three 

shear tests on the planes x1x2, x2x3, and x1x3 at 100 K temperature. 

By carrying out this sequence of virtual tests on the 20 configurations (listed in Table 2), 

the average value of the apparent elasticity tensor can be estimated as below (note that the 

modified Voigt notation was used for the matrix representation of the elasticity tensor [31]): 

app

MD

79.30 16.67 17.36 0.29 1.14 0.61

77.17 14.80 1.53 0.66 1.07

77.48 -1.08 -0.23 1.14
C =

61.86 0.71 -0.23

Sym. 59.68 0.32

59.95

 
 
 
 
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   

 
 
  

 (9) 

 The isotropic projection of the average apparent elastic tensor is given by 

iso

MD

77.48 16.51 16.51 0 0 0

77.48 16.51 0 0 0

77.48 0 0 0
C =

60.97 0 0

Sym. 60.97 0

60.97

 
 
 
 
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   

 
 
  

 (10) 

Table 5 compares the elastic constant for silica between this study and others reported in 

the literature. It should be noted that various parameters could affect the determination of 

mechanical properties, such as domain size, temperature, boundary and loading conditions 

[10]. Nonetheless, as observed in Table 5, our MD calculation yielded a good approximation 

of the behavior of amorphous silica using a substitution of the potentials. 
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Table 5. Comparison of mechanical properties with those determined in the literature. 

Reference Bulk modulus Shear 

modulus 

Young’s 

modulus 

Poisson’s 

ratio 

Notation κ μ E ν 

Unit GPa GPa GPa - 

Scholze [26] 37 31 73 0.17 

Brown et al. [32] 28 26.3 54 0.223 

Vo et al. [10] 98.99 26.53 73.052 0.377 

Marcadon [33] 31.8 27 60 0.19 

Freund and Suresh [34] 47.62 32.79 80 0.22 

Deschamps et al. [35] 36.78 30.40 71.5 0.176 

Hao and Hossain [36] 46.07-63.98 26.17-27.64 69.1 0.25-0.32 

Chowdhury et al. [37] 112.12 26.62 74 0.39 

Mei et al. [38] 49.02 23.15 60 0.296 

This work 36.84 30.49 71.69 0.18 

3.3. Structural and surface properties of silica nanoparticles 

Using the procedure introduced in Section 2.4, five types of atoms constituting the silica 

nanoparticles were prepared; these are shown in Figure 3. Summary information for 

nanoparticles of radius of 1.5, 3 and 4.8 nm, respectively, is given in Table 6, showing the 

thickness of the shell, the radius of the spherical core, and the number of Si and O atoms.  

 
Figure 3. Silica nanoparticle (Rp=3 nm) with five types of atoms: purple triangle: On atom in the core; 

blue triangle: Sin atom in the core; black circle: Sie atom in the shell; red star: Oe
c2 atom in the shell 

connected with two Sie atoms; and blue plus sign: Oe
c1 atom in the shell connected with one Sie atom. 

Table 6. Summary information of different nanoparticles. 

Nanoparticle Notation Rp=1.5 nm Rp=3 nm Rp=4.8 nm 

Shell thickness (nm) ee 0.9 0.9 0.9 

Core radius (nm) Rcp 0.6 2.1 3.9 

Number of Si atoms  272 2460 10978 

Number of O atoms  638 5331 23096 

Total number of atoms  910 7791 34074 
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The three nanoparticles and their associated polyhedral mesh are shown in Figure 4. Note 

that the nanoparticles created have a certain roughness on their surface. It is seen in Figure 4 

that the roughness increases when the size of the nanoparticle decreases from Rp=4.8 to 

Rp=1.5 nm. The same correlation was observed in various MD studies – for instance [39]. It 

should be noticed that such surface roughness can seriously affect the interaction between 

nanoparticles and the matrix in nanocomposites, such as polymer segments near the 

nanoparticles in nano-reinforced polymers [40]. Consequently, such surface roughness 

influences the macroscopic behavior of the nano-reinforced materials [41]. The preparation of 

nanoparticles in this study could be useful for mixing into a polymer matrix, with a view to 

investigating: (i) the local interaction of the matrix near the nanoparticles (interphase region, 

polymer chain conformation, mobility, mass density concentration, etc. [42]); and (ii) testing 

and modeling of the mechanical properties of the reinforced structures [43]. 

 

Figure 4. Visualization of three nanoparticles of different sizes and their associated polyhedral meshes. 

The silicon (Si) and oxygen (O) atoms appear in blue and red, respectively. 

4. CONCLUSION 

This study employed Molecular Dynamics (MD) simulations to characterize the 

mechanical properties of amorphous silica and to investigate the formation of silica 

nanoparticles. Amorphous silica was generated from an α-quartz crystalline structure using a 

melt-and-quench procedure, ensuring an atomistic configuration representative of 

experimental conditions. To optimize computational efficiency, an equivalent elastic potential 

model was developed to substitute the initial potential field while maintaining mechanical 

fidelity. The mechanical behavior of amorphous silica was examined through virtual 

mechanical testing, which revealed strongly isotropic properties with high stiffness. The 

material exhibited a bulk modulus of 36.84 GPa, shear modulus of 30.49 GPa, Young’s 

modulus of 71.69 GPa, and Poisson’s ratio of 0.18. Additionally, the formation of silica 

nanoparticles was investigated, leading to the successful preparation of three nanoparticle 

sizes (Rp = 1.5, 3, and 4.8 nm). The analysis indicated that surface roughness increased as 
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nanoparticle size decreased, which could significantly impact interfacial interactions in 

nanocomposites. 

Future research could extend this work by investigating temperature and strain rate 

effects on the mechanical behavior of amorphous silica, providing a deeper understanding of 

its response under different loading conditions. Another promising direction involves 

molecular-scale simulations of silica-reinforced polymer nanocomposites, where the prepared 

nanoparticles can be embedded into various polymer matrices to analyze interfacial 

interactions and their influence on macroscopic material properties. 
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