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A B S T R A C T

The optical glass materials are employed in various industries due to its desirable optical properties. These 
materials nevertheless require an ultra-smooth surface (Ra <1 nm average roughness) for correctly working. The 
understanding of the polishing process is essential to get the ultra-smooth surface. The polishing process begins 
at atomic scale, hindering its study in real time using experimental testing. Molecular dynamic (MD) simulation 
is powerful tool to assess this process at atom scale in real time. Although the influence of various polishing 
conditions on polished surface features has been evaluated in the literature, the grain chemical composition 
influence has not been studied yet. In the present paper, this condition influence on optical glass material pol
ishing at atom scale was assessed using MD simulation. Fused silica was employed as optical glass test pieces, and 
the abrasive grains used were α-quartz, diamond and α-alumina. Force on the grain was from 0.5 pN to 16.0 pN 
and cut velocity was 20 m/s. Tersoff potential function method was used to represent the covalent bonds of the 
materials. The results showed simulations at ≥ 2.0 pN were unstable during polishing due to the mechanical 
failure. Grain sliding also produced a new microstructure in the glass via the dislocation and deformation of the 
chemical bonds. The material removal rate (MRR) furthermore was directly proportional to the grain force and 
the hardness of the grain. The increment in the grain force increased the friction force. Grain chemical 
composition moreover influenced on the polishing phenomena.

1. Introduction

Optical glass materials are an essential element in various industries 
as, laser, telecommunications, astrophysics, aerospace, automotive and 
optics. The fused silica is the base material to produce other optical glass 
material and one of the main optical glasses [1–3]. The optical glass 
requires an extra smooth surface to avoid optical aberrations. This can 
be achieved through grinding, lapping and polishing processes [4–6]. 
Depending on the conditions (e.g., force on the grain, sliding velocity 

and abrasive type), the polishing processes can result in both surface and 
internal damages to the optical glass material [4,7–9]. These conditions 
also have a strong influence on the material removal rate (MRR), being 
one of key factor of the polishing quality [9]. Thus, the study of the 
polishing parameter influence on the surface quality is essential to 
achieve the conditions to generate the optical glass material with the 
best characteristics. The chemical composition of the abrasive powder is 
a crucial factor in optical glass polishing. This characteristic defines on 
only the mechanical properties of the grain but also the chemical 
interaction between fused silica and the abrasive powder, both of which 
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influence on the polishing process mechanism. The polishing process 
starts with the interaction between grain and optical glass material at 
atomic scale. The evaluation of this process at atom scale in real time is 
currently impossible using experimental testing because of the intrinsic 
difficulties [10–13].

Molecular dynamic (MD) simulation can be an optical method to 
conduct this type of studies [10–13]. MD simulation is a semi-empirical 
method that permits to determine the trajectory of the elements with 
numerically Newton’s equations of motion for a system of the inter
acting particles. Forces, kinetic and potential energy of the particles are 
estimated using simulation element force fields [14,15], which 
contribute to analyses the interactions between materials at nanoscale. 
These interactions encompassed the physical chemistry phenomena are 
integrated to the mechanical processes. While other simulation methods 
(e.g., finite and discrete elements) are effective to simulate the me
chanical and physical behaviour of the material across processes, they 
can only approximate the chemical interactions. The Monte Carlos 
method, though capable of simulating similar process, produces physical 
and chemical unrealistic phenomena due to its inherent randomness 
[16,17]. For these reasons, MD has been utilised to simulate the 
machining processes (e.g., cutting, lapping, grinding, scratching and 
polishing) of several materials at various conditions.

The research group of Han [9] studied the silicon polishing with 
diamond at nanometre scale using MD with Tersoff and Morse potential 
function fields. Their findings revealed that the high hydrostatic pres
sure generated during the polishing process induced microstructural 
changes in silicon, leading the crack formation. Later, Tian et al. [18] 
explored the penetration depth influence on the 4H-SiC and 6H-SiC 
polishing process using MD simulator code with Tersoff potential func
tion field. Their study identified amorphous transformation and the 
dislocations as the primary mechanism governing MRR. Wu et al. [19] 
conducted simulations of 6H-SiC polishing using MD-LAMMPS with 
Tersoff potential function field. Their finding revealed that the material 
plastic deformation occurred due to amorphization and dislocation 

activity. The double polishing tracks at short length between grains 
leads the creation of new crystalline structure creation in the zone be
tween scratching. This phenomenon is attributed high temperature and 
stress in this region. Gou research group [20] investigated the fused 
silica polishing with diamond at atom scale through MD employed 
Tersoff as potential function field. Their study identified that the 
densification of the fused silica resulted in the embrittlement of the 
material, which was determined as primary mechanism for material 
removal. Luo et al. [21] conducted an investigation on the 6H-SiC pol
ishing with diamond grain using MD-LAMMPS with Tersoff and 
Lennard-Jones as the potential function fields. Their findings showed 
that wear debris on scratch exhibited microstructural heterogeneity. The 
material removal rate, as well as normal and friction force were found 
directly proportional to the cut depth. Notably, the cracks formation 
were found at 8 nm penetration depth or larger.

Although the physical polishing condition influence on the material 
removal and surface quality at atom scale has widely been studied in the 
literature using MD, the effect of the abrasive powder chemical 
composition has been rarely evaluated. The chemical composition of the 
abrasive particle plays a crucial role in the polishing process, as it not 
only defines the mechanical properties of the abrasive powder but it also 
determines the chemical interactions between the optical glasses with 
abrasive particles. These interactions can significantly influence on the 
polishing performance and surface quality. However, many previous 
studies have overlooked this factor in the modelling of the polishing 
process, limiting its full understanding of the process. Therefore, the 
impact of the abrasive powder chemical composition on the optical glass 
polishing represents a significant gab in the current modelling of this 
process.

For these reasons, this paper investigated grain chemical composi
tion and force on the grain influence on the fused silica polishing pro
cess. α-quartz, diamond and α-alumina were the abrasive powder used 
as grain, which are most common abrasive powder employed in the 
optical glass polishing. The comparison of the simulation results 

Nomenclature

α-Al2O3 α-Alumina
Al Aluminium
θijk Angle between bonds ij and ik
gik(θijk) Angular function represented
AA Arch area of the grain semi-sphere part
fA Attractive function
bij Bond formation energy
R Cut off function
VC Cut velocity
Do Dimer bond energy
ζ Effective coordination number
m Empirical factor
h Energetically optimum angle cosine
β Fitting parameters
S Fitting parameters
a-SiO2 Fused Silica
FG Grain pressure force
rG Grain radius
HPC Hexagonal Close-Packed
rij Interatomic distance
λ3 Inverse distance of the nearest neighbour
LAMMPS Large-scale Atomic/Molecular Massively Parallel 

Simulator
MRR Material Removal Rate
bij Many-body bond-order parameter
MD Molecular Dynamic

n Number of the neighbour atom
O Oxygen
fA Pairwise attractive
fR Pairwise repulsive
θ Penetration angle
Dp Penetration depth
RG Penetration depth rate
Ap Pylon area of the grain cylindrical part
α-SiO2 α-Quartz
D Radius of region
fR(rij) Repulsion function
d Sharpness of the dependence on angle
Si Silicon
ΔXp Sliding distance after the penetration depth is larger than 

the grain radius
fc Spherical cut-off function
c Strength of the angular effect
σXX Stress in X direction
σXY Stress in X-Y direction
σXZ Stress in X-Z direction
σYY Stress in Y direction
σYZ Stress in Y-Z direction
σZZ Stress in Z direction
tp Time after Dp = rG
ETotal Total energy of the system
t Total sliding time
σ Von Mises stress
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(mechanical, thermodynamic and physical) for the various types of 
abrasive powder type, enabled the identification of the effect of chem
ical composition on the optical glass polishing, which is a factor ignored 
in previous studies. To achieve this aim, the study established the 
following objectives. 

(i) Determination of the material removal mechanism corresponding 
to each force and grain type.

(ii) Evaluation and study of the possible damages generated during 
the polishing according to the polishing conditions.

(iii) Analysis of the tribological processes during optical glass pol
ishing force and grain type.

(iv) Modelling the material removal rate in function to applied force 
for each grain type.

Tersoff potential function field was employed as potential field in 
this study to simulate a system formed of materials with covalent bonds. 
Although other potential functions (e.g., Reaxff) can simulate the 
chemical reactions, Tersoff is an adequate function to simulate the co
valent material [13,22] in acceptable computational time [23].

2. Methodology

2.1. Methods and general conditions of the system

In this investigation of polishing process, the large-scale atomic/ 
molecular massively parallel simulator (LAMMPS) [24] was utilised for 
carrying out the MD simulations of interactions between abrasive grit 
and fused silica glass. In this paper, all simulations were carried out with 
real units, full atom style, in 3 dimensions with f p f boundary and, at 3.0 
bin of neighbour (defined in LAMMPS [12]). The real units and full atom 
style were chosen to enable to add the original charges of the atoms, 
which were assigned appropriately to ensure the precise simulating of 
the chemical interactions between elements. The f p f boundary of the 
overall simulation box indicates that the simulation space boundary in X 
and Z directions are fixed (using f letter), while the boundary in Y di
rection is periodic (with p letter), meaning the atoms can interact with 

the sides of the box. The non-interactions of the opposite side atoms (f 
letter) for fixed boundary prevents the superposition of the interference 
from the boundary effect [25]. The radius of the interaction between 
atoms is function of the potential force field plus 0.3 nm according to 3.0 
bin and real unit. An open visualisation tool Ovito Basic software was 
used to visualise the simulation results. The software also enabled to 
visualise and quantify the material removal, penetration depth, dislo
cations, elastic and plastic deformation. The maximum Von Mises 
stresses were moreover measured with Ovito [26].

2.2. Simulated materials and model setup

The system of the simulation was constructed with a workpiece and a 
polishing tool, as shown in Fig. 1(a). The grain was placed in the right 
side of the workpiece block in X axis, at the middle of the Y axis and at 5 
nm from the top of workpiece in Z axis. The workpiece size was 55.8 nm 
× 20.3 nm X 12.1 nm (X, Y, Z) and the atom number of the workpiece 
was 1010988. The optical glass material of the workpiece was fused 
silica (α-SiO2), which comprised of silicon cations (+4 valence) and 
oxygen anion (− 2 valence) [27]. The fused silica was generated using an 
annealing or quenching process simulation of the α-quartz. This 
annealing was simulated via subsequent two steps: heating step and then 
cooling step. The heating of the α-quartz at 4000 K was conducted using 
velocity create command of Gaussian distribution (e.g., velocity Region 
create 4000.0 4928459 dist gaussian). The cooling process was carried 
out for 40 ps with − 100 K/ps of the cooling speed with canonical 
ensemble (NVT) (e.g., fix ID Region nvt temp 4000 300 10) for the atom 
trajectory and velocity [28,29]. The optical glass material formed of 
three layers to stabilise the simulation, which were specified as 
following. 

• Boundary layer was placed in the bottom and X axis the left side of 
the workpiece with a thickness of 1.0 nm. The boundary layer was set 
to be a constant position for all simulation time (NVE/noforce 
command). This layer represents the section of the optical glass 
material outside the polished zone and keeps the microstructure of 
the sample.

Fig. 1. MD system of the optical glass material (fused silica) polishing with polishing tool (a), being α-quartz (b), diamond (c) and α-alumina (d).
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• Thermostatic layer was localised on top or right to the boundary 
layer with a thickness of 1.0 nm. This layer was used to simulate the 
diffusion heat into the bulk material by means of thermal conduc
tivity. This diffusion was achieved with Berendsen thermostat for the 
temperature simulation and NVT for the atom trajectory and velocity 
modelling.

• Newtonian layer was the last layer that was the rest of the workpiece, 
which acts as the polishing zone where the abrasive grain interacted 
with the optical glass material. The velocity and trajectory of the 
layer atoms was simulated using microcanonical ensemble (NVE).

It is important note to the system of three layer is commonly reported 
in the literature [9,13,20,30–33].

The abrasive grain on the polishing tool formed of a semi-sphere of 5 
nm radius, joined a cylinder with 5 nm height on the bottom as shown in 
Fig. 1(a). The grains was a hollow rigid body of 1 nm thickness to reduce 
the computing time [13]. The grain was modelled as a rigid body due to 
the significantly higher hardness of the α-quartz, diamond and 
α-alumina compared to fused silica [12,13,34]. The grains were α-quartz 
(Fig. 1(b)), diamond (Fig. 1(c)) and α-alumina (Fig. 1(d)) grains. The 
α-quartz grain (α-SiO2) was formed of silicon cation with +4 valence 
(Si+4) and oxygen anion of − 2 valence (O− 2), containing 24936 atoms. 
The crystalline structure of α-SiO2 was similar hexagonal closed pack
aged (HCP) [35]. Diamond grain was consisted of carbon atoms with 
partial charge of 0, forming of 56279 atoms. The crystalline structure of 
diamond was similar to face centred cubic [36]. The aluminium cation 
with +3 valence (Al+3) and the oxygen anion with − 2 valence (O− 2) 
formed α-alumina. The grain was consisted of 37895 atoms that were 
placed according to the crystalline structure of the α-alumina (HCP) 
[37].

The force fields of the atoms were simulated using Tersoff potential 
function method of three bodies. This method provides a good realistic 
representation of the covalent bonds various bodies, allowing to get 
realistic results [13,18]. Dissimilar Tersoff potential functions were 
employed according to the grain type material. For the simulations of 
the a-SiO2 polishing with α-SiO2, the SiO Tersoff potential function from 
the literature [38] was used. In the case of the polishing processes 
simulated with diamond and α-Al2O3 grains, Tersoff potential functions 
were designed by the researchers and were named as SiCO and SiOAl, 
respectively. The development of new potential functions involved the 
combination two exiting Tersoff potential function. SiC [39] and SiO 
[38] potentials were combined for SiCO, while SiO [38] and AlO [40] 
were integrated for SiOAl. This method aligned with the approach 
previously employed in the study of Brugnoli et al. [41].

2.3. Tersoff interatomic potential

Tersoff interatomic potential is a powerful computational tool for 
material interactions based on the principles of quantum chemistry and 
mechanics. Tersoff force field permits to simulate the covalent atomic 
interactions via the representation of the attractive and repulsive forces 
between atoms. The total energy of the system (ETotal) is represented 
using equation (1) [13,31,38,40,42,43]. 

ETotal =
1
2
∑

i

∑

j∕=i
fc
(
rij
)[

fR
(
rij
)
− bijfA

(
rij
)]

(1) 

Where, fc is the spherical cut-off function, fR is pairwise repulsive, fA is 
pairwise attractive, rij is the interatomic distance and bij is the many- 
body bond-order parameter. The spherical function (fc) was restricted 
to the next neighbour sphere by cut off function (R) as can be seen in 
equation (2) [18,20,44]. 
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Being, D the radius of region. The repulsion function (fR(rij)) is 
determined by chemical bonds parameters as can be found in equation 
(3) [38,43]. 
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[
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]
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[
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2xS

√
x
(
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)]
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Where, Do is dimer bond energy, β and S are fitting parameters. bij 
renders the bond formation energy, which is influenced by atom 
neighbour and, whose function is represented by equation (4) [20,38,
40]. 

bij =
(

1 + βn
i xζn

ij

)− 1
2n (4) 

Being, n the number of the neighbour atom and ζ the effective co
ordination number, whose function can be seen in equation (5) [38,40,
42]. 

ζij =
∑

k∕=i,j
fc(rik)xgik

(
θijk
)
xexp

(
λm

3 x
(
rij − rik

)m) (5) 

Where, λ3 is the inverse distance of the nearest neighbour, m is the 
empirical factor and gik(θijk) is angular function represented by equation 
(6) [20,40,43]. 
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Being, θijk the angle between bonds ij and ik, h energetically opti
mum angle cosine, c the strength of the angular effect and d the 
sharpness of the dependence on angle.

The attractive function (fA) is furthermore determined by the 
chemical bond features as can be identified in equation (7) [38,40,43]. 

fA
(
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)
=

[
SxDo
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]

xexp

[

− βx
̅̅̅
2
s

√

x
(
rij
)
]

(7) 

Tersoff potential functions utilised these equations to calculate the 
covalent bonds feature with the parameters of Table 1.

2.4. Process conditions for polishing simulation

The polishing simulations was consisted of three steps: initialisation, 
downward contact and polishing part (Fig. 2).

The assembled atom system was stabilised for the first 1605 ps in the 
initialisation stage of the simulation (Fig. 3). The system deemed stable 

Table 1 
Parameters in Tersoff potential function for silicon (Si), oxygen (O), carbon (C) 
and aluminium (Al) employed to simulate the chemical interactions.

Parameters Si [38,39,45] O [38,45] C [43,45] Al [40]

Do (eV) 2465.3919 1664.0615 114.8282 1.5000
S 0.2574 0.1162 0.2488 2.7876
β (A− 1) 0.8788 0.8304 0.7801 1.0949
R (A) 2.5000 1.7000 1.8000 2.7000
D (A) 2.6500 1.8500 1.9500 0.1000
n 0.7873 1.0497 0.7275 6.0865
λ3 (A− 1) 0.0000 0.0000 0.0000 1.5000
m 3.0000 3.0000 3.0000 3.0000
γ 1.0000 1.0000 1.0000 0.3168
c 100390.0000 6492.1000 38049.0000 0.0748
d 16.2170 4.1113 4.3840 19.5691
h − 0.6593 − 0.8456 − 0.5706 − 0.6593
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when both the potential (Fig. 3(a)) and kinetic energy (Fig. 3(b)) 
remained constant over time.

After initialisation step, the grain moved down to 1 Å above the 
optical glass surface. From this point in the polishing simulation, the 
force (FG) was applied on the grain in -Z direction, and the grain was 
moving horizontally with cut velocity (VC = − 20 m/s [9,32,33]) along X 
axis. The simulation system setup can be observed in Fig. 1(a). Selected 
FG in simulation were 0.5 pN, 1.0 pN, 2.0 pN, 4.0 pN, 8.0 pN and 16.0 
pN.

3. Results and discussion

3.1. Thermodynamic phenomena

The evolution of the simulated system stability over the time was 
assessed via the potential energy, which can be seen in Fig. 4 The po
tential energy of the system represents the cohesion of the system atoms 
for each other [45,46].

All simulations demonstrated an increase in the potential energy 

during the initial 200 ps, attributed to the initial pressure exerted by the 
grain on fused silica, which compressed the material. This compression 
process led to a reduction in the chemical bonds within the fused silica. 
The potential energy for the Tersoff function potential field is propor
tional to the bond length [38,40,43,47].

After its initial increase, the potential energy remained constant 
certain period, which was dependent grain pressure force and gain type. 
The time duration was reduced with the increase in grain pressure force 
due to the corresponding rise in stress [3,18,45]. The type of the grain 
exhibited an unclear pattern influence on the time, which will be dis
cussed in detail in subsequent sections. Subsequently, the potential 
began to fluctuate over time. Prior to the grain penetrated into the op
tical glass materials, the grain sliding induces a microstructural defor
mation on the optical glass surface. The deformation is attributed to 
changes in atom positions, which altered the chemical bond length. The 
redistribution of the atom position was the responsible for the potential 
fluctuations observed. The decreasing of the potential energy is attrib
uted to the enlargement of the bond lengths, caused by the combination 
of grain pressure and sliding on the fused silica.

Once the grain passed, the fused silica atoms recover the bond 
length, resulting in an increase of the potential energy [19,39]. Over 
extended period, a reduction of the potential energy over time was 
observed, attributed to the grain has penetrated into fused silica. This 
period also depended on the grain type and normal force level with 
similar behaviour to the previous case. The grain penetration induces 
the displacement of the atoms at over long distances, leading diminishes 
the potential energy of the system. The new microstructure formed in 
the fused silica due to the grain penetration further reduces the potential 
energy, which is attributed to the less stability of the new microstructure 
[46].

The slope of the potential energy reduction with time changes in 
specific point for all cases with loading force is ≥ 2.0 pN, which is 
attributed to the chip formation. The breaking of the chemical bonds 
during the chip formation results in decrease the potential energy, as it is 
directly proportional to number of the chemical bonds [46]. It is 
important to note that the system became unstable when the potential 
energy reached specific values, which was defined by the grain type. 
This phenomenon was attributed to varying chemical composition of the 
grain, which will be discussed in detail in subsequent section. The point 
at which the simulation system became unstable is referenced to as the 
unstable system point, which was defined by the normal force on the 
grain. This could be attributed to the material melting or mechanical 
failures such as crack generation or pulverisation, which will be dis
cussed later.

The values of the potential energy were different according to the 
type of grain, where the lowest value was found for α-quartz (Fig. 4(a)) 
and the highest was for diamond (Fig. 4(c)). Obviously, this indicates 
that the diamond grain is the most stable while the α-quartz is the less 
stable. This phenomenon is attributed to the higher number of the bond 
and bond energy for the diamond molecules (e.g., 4 × 868 = 3472 kJ/ 

Fig. 2. Flowchart of the simulations.

Fig. 3. Temporal evolution of the potential (a) and kinetic (b) energy of the polishing systems.
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mol C-C-C-C [48]; 2 × 798 = 1596 kJ/mol O-Si-O [49]; 4 × 773 = 3092 
kJ/mol O-Al-O-Al-O [49]). The potential energy is proportional to the 
bond number and energy [13,31,38,40,42,43]. Notably, the potential 
energy is indicative of the material thermodynamic stability, which is 

governed by the chemical interaction between its constituent atoms. 
Consequently, the potential energy can vary in rigid bodies with 
different chemical composition.

The temperature is another significant parameter in determining the 

Fig. 4. Evolution of the system potential energy over time according to grain force for α-quartz (a), diamond (b) and α-alumina (c) grain used to polish the 
fused silica.

Fig. 5. Evolution of the optical glass material temperature over time according to grain force for α-quartz (a), diamond (b) and α-alumina (c) grain used to polish the 
fused silica.
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stability of the system during the polishing. The temporal evolution in 
relation to the grain pressure force and grain type can be seen in Fig. 5. 
Three different behaviours were observed in the temporal temperature 
evolution of the simulations, which was classified depending on the 
grain pressure force. The first behaviour occurred at the grain pressure 
force < 2.0 pN, the second at 2.0 pN and, the last at > 2.0 pN for all grain 
types.

The first behaviour was featured by an initial quick reduction in the 
temperature with time due to the high thermal energy absorption from 
fused silica by the thermostatic layer. Due to the absence of the external 
force at the initial move on the fused silica atoms, the temperature of the 
optical glass material reaches the 0 K within ≤ 200 ps. This phenomenon 
is because the temperature is a representation of the atom movement 
[45]. The low normal force and friction energy provokes a scarce heat in 
the material, resulting in the low temperature [50]. At 200 ps, the fused 
silica reached the 0 K and subsequently, the temperature was slowly 
increased with time until the end of the simulation. A part of the grain 
kinetic energy is converted to heat in optical glass material during the 
grain sliding on surface due to the friction [50,51].

Second behaviour was similar to the previous but with a rapid 
temperature increase at the end of the simulation, where a significant 
material deformation became evidence. The displacement of the atoms 
during the material removal generates the breaking of the chemical 
bonds, which is an exothermic process. The heat generated in this pro
cess is directly proportional to the number of the broken chemical bond. 
Consequently, the increase in the removed material amount over time 
increases the temperature of the optical glass materials exponentially 
[52,53].

The last temporal evaluation type behaviour was similar to the 
previous types; but it presented differences in the last stage. The fused 
silica temperature increased up to specific point, and then rapidly 
dropped down, potentially to 0 K. The continuous breaking of the 
chemical bonds during the simulation creates permanent broken smaller 
glass particles, even becoming single molecules of oxide silicon (SiO2). 
The molecules have higher movement freedom compared with the 
molecules of the bulk material. These molecules can reach fast velocities 
due to the energy provided by the breaking of the chemical bonds. When 
molecules escape from the simulated cell, reducing in the number of the 
elements with high velocity in the cell. Consequently, the temperature of 
the system is decreased with time at this stage.

The transition time between steps for the temporal temperature 
varies depending on the grain type, exhibiting an unclear influence 
pattern. The heat produced during the polishing can be dissipated by the 
grains via thermal diffusion. Grains possess different thermal diffusivity 
according to the chemical composition (α-quartz (3.62–7.87 mm2/s) 
[54], diamond (185000 mm2/s) [55] and α-alumina (88–300 mm2/s) 
[56]). This dissimilarity between grains type causes the variation of 
temperature elevation. Dissimilar polishing mechanisms also varies 
MRR, which can alter the fused silica temperature in different ways. The 
polishing mechanisms according to the grain type and the grain pressure 
force on the grain will be discussed in the next section (Section.3.2. 
Mechanical Phenomena).

The simulations shows that the system became unstable at specific 
point for the case when normal force ≥ 2.0 pN, as previously com
mented. The system unstable points were lower than the melting tem
perature (1986 K [57]) for all the cases. This discards that the cause of 
the system destabilisation as a thermal process. Thus, the cracks for
mation or pulverisation of the material (as a mechanical process) can be 
the causes of this system instability. Therefore, the temperature increase 
is only a consequence of the system destabilisation.

The system stable time was defined as the time where the system was 
stable up to the point when the system became unstable. The system 
stable time varied based on the grain pressure force and grain type 
(Fig. 6.). The higher grain pressure force on the grain produced shorter 
stable time. The formation time of the cracks and pulverisation were 
encouraged by normal force on the grain. The pressure of the grain on 

glass surface is increased with the grain pressure force increase. When 
the stress produced by grain pressure is higher than the glass strength, 
the pulverisation and cracking occur [3,18,45]. The reduction of the 
force on the grain can decrease or eliminate the possibility of these 
mechanical failures, which was observed for the simulation at ≤ 1.0 pN, 
where the grain passed all length of the fused silica. It is noteworthy that 
the system failure due to crack generation was absent at higher grain 
pressure force in previous studies at wet conditions [53]. This crack 
formation absence is attributed the presence of the water in the system. 
The kinetic energy of the fused silica encourages the crack formations by 
destabilising the chemical bonds. The water absorbs this kinetic energy, 
thereby reducing the crack generation.

α-alumina and diamond grains had shorter stable time in comparison 
with α-quartz due to the larger hardness of these grains. The formation 
of the cracks and pulverisation is prompted to the grain hardness [58]. 
Diamond, α-alumina and α-quartz possess different hardness, 1600 GPa 
for diamond and 400 GPa for α-alumina and 100 GPa for α-quartz 
hardness [59]. The grains with high hardness thus possess more prob
ability to produce mechanical fails on optical glass leading to an un
stable process.

3.2. Mechanical Phenomena

Von Mises stress is a significant factor in the failure of the system. 
Von Mises stress at 1 ps before the system became unstable were illus
trated in Fig. 7. From MD simulation, the stresses in the process can be 
presented by Von Mises stress (σ) that were calculated using equation 
(8) [60]. 

Fig. 6. Graph of the stable time of the system according to the normal force on 
the grain (grain pressure force) and type of grain.

Fig. 7. Graphs of the Von Mises stress influenced by grain type and grain 
pressure force.
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σ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

σ2
XX + σ2

YY + σ2
ZZ − σXY − σXZ − σYZ

√

(8) 

Where, σXX is the stress in X direction, σYY is the stress in Y direction, σZZ 
is the stress in Z direction, σXY is the stress in X-Y direction, σXZ is the 
stress in X-Z direction and σYZ is the stress in Y-Z direction. Von Mises 
stress varied according to the grain pressure force and grain type.

An increase in grain pressure force resulted an increase in the 
maximum stress for values below 2.0 pN in all case. At higher grain 
pressure force, the stress remained constant across all grain type. 
Therefore, under the given polishing condition, 2.0 pN grain pressure 
force on the grain is high enough to allow the grain to penetrate into the 
glass. The associated stress represented the glass failure stresses.

α-quart grain simulation had the lowest stresses while the highest 
stresses were found for the simulation with α-alumina grain. For ≥ 2.0 
pN, Von Mises stress were 420 GPa, 500 GPa and, 550 GPa for α-quart, 
diamond and α-alumina, respectively. The denser grains produces a 
greater stresses on the optical glass material surface than lighter grains. 
Thus, the highest stresses were found for α-alumina, having high density 
(3.9 g/cm3 [61]) whilst α-quartz was the light material (2.7 g/cm3 [20]), 

causing the lowest stresses. The diamond density is 3.5 g/cm3 [36].
The microstructure and shape of the fused silica underwent changes 

during the polishing process for all cases (Fig. 8). The moving grain 
applied a pressure on the optical glass producing stresses on the chem
ical bonds of the materials, modifying the bond features (e.g. length and 
position). The chemical bonds undergo deformation when the applied 
stress excesses the chemical bond resistances. These deformations can 
result in either an increment or reduction in the bond length, depending 
on the direction of the stress. The position of the chemical bonds without 
length modification is also altered due to combination of the applied 
stress in different directions. Once the stress ceases, the chemical bonds 
retain their new position because the material atoms attain a new stable 
state. This process is often called as dislocation [11,18,31–33,45]. This 
new microstructure was seen in all trajectories of the sliding grain (Fig. 8
(a–f)) and remained after the grain sliding. Such a remained deformation 
is regarded as plastic deformation [32]. In this zone, some deformation 
of optical glass materials size can recovered as an elastic recovery pro
cess [19,39]. Fig. 9 illustrates the localisation of the fused silica atoms 
before and after the elastic and plastic deformation. The atomic 

Fig. 8. Ovito transversal pictures of the fused silica polishing simulations with α-quartz (a–b), diamond (c–d) and α-alumina (e–f) at 20 m/s of sliding and grain 
normal force 0.5 pN on (a), (c) and (e) and 16.0 pN on (b), (d) and (f).

J.I. Ahuir-Torres et al.                                                                                                                                                                                                                         



Ceramics International 51 (2025) 9278–9291

9286

positions in the elastically deformed structure closely resembled those of 
the original structure, confirming the shape recovery of the optical glass 
material for this process. In contrast, for the plastic deformation, a sig
nificant atomic displacement was observed, indicating the occurrence of 
the deformation of the fused silica.

The depth of the microstructure changes increased with the normal 
load (Grain force). The phenomena are due to the higher normal load on 
the grain applies higher pressure on the glass materials and generates 
larger strain diffused into optical glass materials. The strain diffusion 
depth is increased to the pressure [18,19,31]. Therefore, the higher 
normal load causes thicker microstructural change zones. The type of 
the grain influenced less on the modified microstructure, indicating the 
new microstructure is due to the physical phenomena.

Two types of the polishing process behaviours were observed in the 
simulations when applying a load force ≤ 1.0 pN (Fig. 8(a)–(c), (e)) or ≥
2.0 pN (Fig. 8(b)–(d), (f)). Polishing with lower normal load showed the 
grain penetration, causing glass deformed that recovered after the grain 
passing. This indicates that the polishing process is predominated by an 
elastic deformation. The materials were hardly removed in this case. 
This phenomenon is attributed to FG is lower compared with threshold 
to removal material [62]. The second type of the polishing (normal load 
≥ 2.0 pN) was characterised by the grain penetration into optical glass 
material with a chip generation. The grain penetration produced a 
plastic deformation of the optical glass material. With FG ≥ 2.0 pN, the 
penetration mechanism occurs continuously during grain sliding and the 
material removal occurred at the front of the grain. The production of 
the chip is because the FG is higher in comparison with the threshold of 
material removal force. The higher force provokes the displacement of 
the optical glass materials, being accumulated in the front and lateral of 
the grain, forming a chip. The chip microstructure was dissimilar to the 
optical glass material original microstructure. The stress on the fused 
silica is higher compared with their resistance, which is enough to 
produce the breaking and deformation of the chemical bonds, creating 
the new microstructure [18–20,31,33].

It is important to note that the microstructure generated by the 
dislocations can encourage the material removal by reducing the hard
ness of the fused silica. The microstructure exhibits significant influence 
on the mechanical properties of the material, including hardness.

The lateral modification of the optical glass material microstructure 
can be seen in Fig. 10. Grain stress is produced in 3 dimensions into the 
optical glass material [18,45], resulting the 3D microstructure modifi
cation. In the simulation where the system failed (≥ 2.0 pN), numerous 
voids or nano-cracks were observed prior to the failure of the system. 
The stress exerted by the grain on the fused silica induced a new 
microstructure characterised by the presence of nano-cracks or voids, 
which are attributed to excessive chemical bond breaking. The excessive 
microstructural change weakens the chemical bonds, promoting further 
the bond breaking. The crack formation (instability of the system) 

occurs when the number of these nano-cracks or avoids becomes sub
stantial [63].

3.3. Tribological phenomena

The behaviour of the friction force (Horizontal force) evolution over 
time were dissimilar according to the force on grain (Fig. 11.). Friction 
force of all samples fluctuated during all simulation due to the brittle 
fracture [21] and dislocation [18,19,64].

The temporal evolution of the friction force exhibited two different 
behaviours according to the gran force. For grain force ≤ 1.0 nN, the 
behaviour consisted of two steps, while for grain force ≥ 2.0 nN, the 
behaviour comprised three steps. The first behaviour comprised, 
whereas the second formed of three steps.

The temporal evolution in the first step was the same for both 
behaviour type. The increase in the friction force characterised the 
initial step of the simulation. The accumulation of the removed material 
in front of grain increases the horizontal resistant force. This material 
hinders the movement of the grain, leading increase in the friction [3,
45]. The massing of the material in the grain front is directly propor
tional to the cut depth and polishing time. The friction force also is 
directly proportional to grain force on the optical glass material [65].

In the next step, the friction force remained constant over time, as the 
grain penetration ceased. The grain pressure force is neutralised by 
opposite normal force exerted by the fused silica, which reminds the 
penetration depth constant [21]. Notably, this step also was the similar 
to both behaviour type and constituted last step for the first behaviour 
(≤ 1.0 nN).

The dramatic reduction in the friction force featured the third and 
last step for the second behaviour type (≥ 2.0 nN). This step preceded 
the instability of the system, during which various voids or nano-cracks 
were generated within the optical glass material. The voids or nano- 
cracks weaken the optical glass material, thereby reducing the resis
tance to grain displacement in the material. The maximum friction force 
was defined as the highest constant horizontal force (second step). Fig. 8
(d) shows the influence of the pressure force and grain type on the 
maximum friction force. An increase in the grain pressure force results in 
an increase in the friction force. The force of friction is directly pro
portional to the normal force acting on the grain [65]. It is noted that the 
type of grain had influence on the maximum friction, but the mechanism 
is unclear.

3.4. Material removal rate estimation

The material removal rate (MRR) is one of the primary concerns in 
polishing process. The schematic drawing of the method employed to 
calculate MRR can be seen in Fig. 12. MRR can be figured with two 
different ways, depending on the penetration depth. One estimation way 
is employed when the cut penetration depth smaller in comparison with 
the grain radius (Fig. 12(b)), while the other way is utilised for pene
tration depths are compared to the grain radius (Fig. 12(c)). MRR was 
estimated using equations (9)–(11) [66], 12, 13, 14 and 15 and the 
simulation data of the polishing simulations. 
⎧
⎨

⎩

MRR = AA × Vc Dp ≤ rG

MRR = AA × Vc +
Ap × ΔXp

t
Dp > rG

(9) 

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

AA =
r2
G
2
×
(
θ2 + (cos (θ))2

− 1
)

Dp ≤ rG

AA =
r2
G
2
×

(
π
4

2
− 1
)

Dp > rG

(10) 

θ= cos− 1
(

1 −
Dp

rG

)

(11) 

Fig. 9. Graph of the atom number for each position in Z axis for original, 
elastically and plastically deformed structures.
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Ap =2× rG ×
(
Dp − rG

)
(12) 

ΔXp =Vc ×
(
t − tp

)
(13) 

tp =
rG

Rp
(14) 

Rp =
Dp

t
(15) 

Herein, AA is the arch area of the grain semi-sphere part, t is the total 
sliding time, Ap is the pylon area of the grain cylindrical part, ΔXp is the 
sliding distance after the penetration depth is larger than the grain 
radius, θ is the penetration angle, Dp is the penetration depth, rG is the 

Fig. 10. Ovito cross-section pictures of the fused silica polishing simulations with α-quartz (a–b), diamond (c–d) and α-alumina (e–f) at 20 m/s of sliding and 0.5 pN 
(a), (c) and (e) and, 16.0 pN (b), (d) and (f) of grain force.
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grain radius, tp is the time at Dp = rG and Rp is the penetration depth rate. 
Note that equations (12)–(14) and, 15 was derived in-house.

The influence of the force on the grain and the type of abrasive 
powder on polishing parameters (Dp and MRR) can be observed in 
Fig. 13 and Table 2. The increase in the grain force deepened its pene
tration into optical glass material during the polishing process (Fig. 10
(a)). The material is penetrated faster owing to structural strength of the 
optical glass material is rapidly surpassed by the higher normal load of 
the grain [12,67]. The depth penetration slope with grain pressure force 
was dissimilar for ≤ 1.0 pN compared to penetration slope for ≥ 2.0 pN 
because the dissimilar penetration process. For FG ≤ 1.0 pN simulations, 

the penetration mechanism only occurs at end of the grain sliding and 
most deformation was recoverable. For the simulations at FG ≥ 2.0 pN, 
the penetration mechanism occurs continuously during grain sliding and 
material removal occurred at the front of the grain. The penetration 
must begin again in the new position of the grain. The chemical bonds of 
this new position is less deformed in comparison with the bonds of 
previous position. The normal load required to penetrate the optical 
glass material thus is higher compared to the zone with high deforma
tion. This provokes a reduction of the penetration efficiency [22,62].

The penetration or polishing depth varied according to the type of 
the grain, with the diamond grain exhibited the greatest depth and the 

Fig. 11. Graphs of the grain normal force influence on the friction force (horizontal force) for the simulation carried out with α-quartz (a), diamond (b), α-alumina 
(c) grain and maximum friction force according to the grain pressure force and grain type (d).

Fig. 12. Schematic drawing of the method used to calculate the material removal (a) when the penetration depth is shorter than grain radius (b) and the penetration 
depth is longer than grain radius (c).

Fig. 13. Graphs of the polishing penetration depth (a), and material removal rate (b) in function to grain pressure force and type.
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α-alumina grain the least. This fact can be attributed to the chemical 
interactions between the grain and optical glass material, which can 
impedance the penetration of the grain into the optical glass material. 
These chemical interactions were absent for the diamond grain due to 
the high chemical inactivity of the material [68]. In contrast, the 
chemical interactions are stronger for α-alumina, owing to the greater 
atomic charge difference between the grain and optical glass material 
elements. The chemical interaction between both materials was previ
ously observed by Lomic et al. [69]. In the case of the α-quartz grain, the 
chemical interaction between grain and the optical glass material results 
in a low modification of the material. This phenomenon is owing to the 
chemical composition of the α-quartz and fused silica are exactly the 
same, silicon dioxide [20]. Thus, the chemical element of the system 
remains constant during the polishing process.

In the most polishing conditions, MRR was figured for the situation 
of Dp ≤ rG. The simulations with diamond grain at 16.0 pN and 8.0 pN 
were only conditions which Dp > rG. MRR behaviour with respect to the 
grain pressure force and grain type was similar to the penetration depth 
behaviour with these parameters (Fig. 10(c)). This indicates that AA is 
the most dominant element in MRR, which is defined by Dp. Thus, Dp is 
the most significant factor in MRR.

FG influence on MRR for each grain type is represented with equation 
(16) (α-quartz), (17) (diamond) and (18) (α-alumina), which were made 
using the power regression of the MRR in function of FG (Fig. 13(b)). 

α − quartz MRR=273.020
(

μm3

s × pN

)

× F
0.360

G
(16) 

diamond MRR=349.620
(

μm3

s × pN

)

× F
0.314

G
(17) 

α − alumina MRR=35.599
(

μm3

s × pN

)

× F
0.843

G
(18) 

The slope of the MRR equations demonstrated an influence with 
grain type similar to that observed in the grain penetration depth. Thus, 
the same explanations of the penetration depth behaviour can be applied 
for the MRR slope. The MRR power behaviour with respect to the grain 
pressure force was similar to the stress behaviour with this polishing 
parameter. This fact can suggest that the density of the grain encourages 
this parameter of the MRR equation.

4. Conclusions

It has been successfully carried out the MD simulation of fused silica 
polishing processes with various forces (from 0.5 pN to 16 pN) on 
several grain types (α-quartz, diamond and α-alumina) using Tersoff 
potential fields. The simulation mimics a single grain motion in the 
polishing process to represent material removal mechanism. From the 
simulation, following conclusions are listed. 

• The simulations at grain pressure force ≥ 2.0 pN show the glass 
material failures, leading to a time of system stability. The instability 
of the system occurs at a lower temperature than the fused silica 

melting temperature and a high Von Mise stress. This indicates that 
the crack formation is the cause of the instability of the system. The 
stability time is shorter at higher grain force due to the increase of 
the stress on optical glass materials. In opposite to this, the polishing 
processes at grain pressure force ≤ 1.0 pN are stable during all 
simulation because the lower stress in the optical glass materials. The 
stability time is shorter with harder grain than softer one (α-quartz >
diamond≈α-alumina).

• Two types of the polishing performance according to the grain force 
can be found in the simulation. At low grain pressure force (0.5 pN 
and 1.0 pN), the grain penetrated in the optical glass materials, but 
no chip formed. The other polishing type is found at medium and 
high grain pressure force (≥ 2.0 pN) and this is characterised by the 
chip generation. The material removal thus happens for this kind of 
polishing. The grain produces a new structure in the chip and the 
optical glass material zone passed. The deformation and dislocation 
of the chemical bonds are the cause of this new microstructure.

• The friction force evolution over time can be two dissimilar behav
iour types according to the grain pressure force (≤ 1.0 pN and ≥ 2.0 
pN). Both evolutions corresponding at the types of polishing pro
cesses, the first kind (low grain force) is featured by only penetration 
of the grain into optical glass material, whilst the second type (high 
grain force) is characterised by the chip formation and the instability 
of the system. The increasing of the grain pressure force increases the 
friction force. The grain type seems to influence in the friction force, 
but without a clear pattern.

• The cracks are generated at high grain pressure force due to the high 
kinetic energy promotes their formation. Previous studies have 
shown that the inclusion of the water in the system could mitigate 
the crack formation.

• The material removal rate increases with the FG for all grain kinds. 
The hardness, density and chemical composition of the grain have 
influence on the material removal rate. MRR in function to grain 
force can be presented using power equation. The slope of the 
equation has a behaviour with the polishing parameters related to 
the penetration depth whilst the power equation’s behaviour with 
grain pressure force and grain type is related to the Von Mises stress.

This study has provided insight into the polishing mechanisms (low 
and high grain pressure force), the damages (cracks and microstructural 
changes), tribological features (without and with chip formation) and 
MRR modelling for the fused silica polishing under dry condition. The 
influence of the polishing conditions (grain pressure force and grain 
type) on these phenomena observed during this process have been 
thoroughly examined, being the first paper that evaluates the grain 
chemical composition influence. Thus, the conclusions of this study help 
to understand the polishing process of the fused silica at nanometre scale 
in real time and, the influence of the grain chemical composition and 
force on grain in this process. This will help to define the best condition 
to carry out the wished polishing, which is a strong topic for various 
industries. This study does not address the cut velocity, grain shape and, 
wet influence on the fused silica polishing process, representing a lim
itation that will be addressed in future research. To simulate the wet 

Table 2 
Penetration depth and material removal rate of the polishing process according to the grain pressure force and grain type.

Grain pressure force 
(pN)

α-Quartz Diamond α-Alumina

Penetration depth 
(nm)

Material removal rate 
(μm3/s)

Penetration depth 
(nm)

Material removal rate 
(μm3/s)

Penetration depth 
(nm)

Material removal rate 
(μm3/s)

0.5 1.10 – 1.15 – 0.30 –
1.0 2.20 – 2.25 – 0.60 –
2.0 3.30 306.74 3.80 411.16 1.50 61.33
4.0 4.30 532.73 4.40 559.18 2.00 109.94
8.0 4.60 614.31 5.50 742.79 3.00 251.96
16.0 4.80 672.45 6.10 773.37 3.40 326.30
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conditions (under water), alternative method for modelling the force 
field (e.g., Reaxff) will be utilised in future works. This approach is 
necessary due to the inability of the Tersoff method to simulate 
hydrogen bonds, which are characteristics of the water.
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