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Abstract: The fused silica is an optical glass material employed in several industries, which is
usually grinded and polished to obtained ultra-smooth surface. a-alumina is often employed to get
this surface. The scratching testing is a powerful technique to assess the process conditions that
provoke the process induced damages. Normal force applied on abrasives and sliding velocity are
main parameters to be considered in the scratching testing. Although the scratching mechanical
mechanisms of the fused silica have previously been studied in depth, its chemical mechanisms have
poorly been analysed. In this paper, the Reaxff reactive molecular dynamic simulation is used to
study these mechanical and chemical mechanisms in various scratching processes under different
velocities and normal loads. The results showed dissimilar types of scratching (penetration,
penetration with dragging and dragging) according to the velocity and normal force. The scratching
depth was higher at larger normal force and slower velocity. The temperature and potential energy
also were stable at low normal force and slow velocity. The chemical interaction between the grain

and the optical glass material furthermore appears as the adhesion.



Nomenclature

e SiOy; Silica

e MD; Molecular dynamic

e SiC; Silicon carbide

e LAMMPS; Large-scale atomic/molecular massively parallel simulator
e (Ce; Cerium

e Si; Silicon

e O; Oxygen

e R; Material block

e H; Hydrogen

e Al Aluminium

e Cu; Copper

e (C; Carbon

e COF; Fiction coefficient

¢ QM; Quantum mechanics

¢ Erowl; Total energy

e Ey; Bond energy

e E;; Atomic energy

e Ejp; Lone pair energy

e Eco, Valence angle conjugation energy

e Er; Torsion energy

e Ey; Valence angle energy

e E; Coulomb energy

e Ew; Van der Waals energy

e Ey; Hydrogen energy

® Dbo,1; Bond term for first electron

®  Dbo2; Bond term for second electron

® Dvos; Bond term for third electron

® Dbos; Bond term for fourth electron

®  Duvos; Bond term for fifth electron

®  Dboe; Bond term for sixth electron

e 1jj; Interatomic distance

e 1,°; Equilibrium length for the sigma bond
e 1,"; Equilibrium length for the first pi bond
e 1, Equilibrium length for the second pi bond
e Dg; Dissociation energy

®  Due,1; Empirical parameter

® Dpuve2; Empirical parameter



pa; Atom term

Val; Number of valence electrons

Aa; Experimental term of the atomic coordination

pip; Lone pair term

Nip,opt; Optimum lone pair electron number

nip,i; Lone pair electron number

f1(BOij, BOjx, BOx1); Resonance or conjugation function

pcoi; First conjugation term

wiljk; Torsion angle

0ijk; Angle formed between first second and third atoms

Oiki; Angle formed between second, third and fourth atoms

pco2; Second conjugation term

BO:i; Order of the bond for first and second atoms

BOj; Order of the bond for second and third atoms

BOx ; Order of the bond for third and fourth atoms.

£2(BO;j,, BOjx, BOk,); Function of the torsion smooth disappearance
K1; Force constant for second and third atoms

pr1; First torsion term

Kb>; Force constant for third and fourth atoms

p12; Second term

f3(Ai, Aj); Function of the lone pair electrons on torsion

Ar11; First experimental parameter of the torsion

BOj; Bond order for second atom

Val;j; Valence of second atoms

BOx; Bond order of third atom

Valg; Valence of third atom

A12; Second experimental parameter of the torsion

pvi; First valence angle term

f4(BO:i); Function of the valence angle of the first and second angle
fs(BOjx); Function of the valence angle of the second and third angle
fs(A;); Function of the second atom lone pair electron on the valence angle
pv2; Second term of the valence angle

00; Equilibrium valence angle

pv3; Third valence angle term

pva4; Fourth valence angle term

pvs; Fifth valence angle term

pvs; Sixth valence angle term

BO;j; Radius function for the second atoms

pv7; Seventh valence angle term

C; Coulomb constant



e q;; First atomic charge

e gj; Second atomic charge

e r1j;; Interatomic distance

¢ vij; Shielding parameter

e D;j; Polarisation dissociation

e 0,;; Polarisation factor

e f(rij); Shield interaction function

e ryw; Van der Waals radius

® pw; Van der Waals term

e vy; Van der Waals shielding parameter.
e pui; First hydrogen bond parameter

e pu2; Second hydrogen bond parameter
e pu3; Third hydrogen bond parameter

e BOxnu; Hydrogen bond order

e 13; Equilibrium hydrogen bond

e 1zu; Distance between the hydrogen and the atom
e Oxuzthe angle between the hydrogen and the atom
e Al Aluminium cation (+3)

e O Oxygen anion (-2)

e Si™; Silicon cation (+4)

e COF; Coefficient of friction

e Fy; Normal force or load

e V; Horizontal or sliding velocity

e NVT; Canonical ensemble

e NVE; Microcononical ensemble

Introduction

The fused silica (amorphous SiO») is the base of the optical glass materials that are used
in several fields as, laser, telecommunications, astrophysics and optics [1-3]. The optical
glass material must have a surface with low roughness that is created via grinding, lapping
and polishing processes [4-6]. a-alumina is one of the principal materials used as abrasives
in these processes [7-10]. The optical glass material can however be damaged during these
processes [4, 8, 11]. Scratching testing is a great technique to analyse the mechanical
properties and the integrity of the optical glass materials [3, 11-13], and has been employed
to analyses the formation mechanisms of these damages. The scratching normal force and
scratching velocity are considered to be main influential factors in association with the
damage formation that starts to occur at atomic scale [2, 3, 13]. Moreover, the chemical
interactions between the interactive materials could be important factors that affect the
damage formation mechanisms at nanoscale. The direct study of these mechanisms and



interactions at atomic scale via experimental assessments, is currently impossible because
the intrinsic difficult at such a small scale. Molecular dynamic (MD) simulation can be a
good method to carry out this study [14-17].

The molecular dynamic simulation is a semi-empirical method that allows to define the
trajectory of the atoms and molecules via numerically Newton’s equations of motion for a
system of the interacting particles. The force and the potential energy of the atoms and
molecules are calculated via using atomic and molecular force fields [18, 19]. Thus, MD is
a great method to evaluate the physical and chemical interactions between materials at
nanoscale, which has been employed to simulate the scratching processes at various
conditions. In 2016, Han [18] reported his investigation of the mechanical and chemical
interactions in a silica glass mechanical polishing via MD. The research assessed the
mechanical and chemical interaction of a particle when impacts on the block surface. Tian
et al [17] studied the scratching at atomic scale of the two silicon carbide (4H-SiC and 6H-
SiC) with MD simulator code, large-scale atomic/molecular massively parallel simulator
(LAMMPS). The Tersoff potential was used to simulate the covalent bonds and, the
scratching velocity and depth were 100 m/s and 5 nm, respectively. This study showed that
the 6H-SiC and 4H-SiC own similar properties except that the normal resistance is higher
for 4H-SiC. Later, Tian et al [20] investigated the scratching depth influence on the materials
and illustrated that the amorphous transformation and the dislocations are the main
mechanisms of material removal. The specific energy of cutting moreover is lower at deeper
penetrations Meng et al [21] also studied the sliding velocity influence on scratching process
of the silicon carbide with diamond tool at constant depth via MD using LAMMPS. In this
case, the silicon carbide was 3C-SiC, the potential filed was ABOP potential, tool shape was
pyramid, depth was 3 nm and the scratching velocities was from 10 m/s to 200 m/s. Meng
et al determined that the fast velocities cause lower dislocations than the slow speeds because
the lower hydrostatic stress. Zhang et al [22] carried out the study of the diamond scratching
on copper with double tools through MD-LAMMPS. The potential field was EAM potential,
the velocity was 100 m/s and a pyramid tool was used. Various tool position effects on
scratching were evaluated in this paper and the parallel tool scratching generates the grooves
with the best quality. Recently, Wu et al [23] conducted a similar simulation on 6H-SiC,
with spherical tools at 20 m/s scratching speed and 2 nm of the depth. The plastic
deformation of the material was considered as a result of the amorphazation and dislocation
activity. The double scratching at short distance between grains moreover provokes the new
crystalline structure generation in the zone between scratching owing to the high temperature
and stress in this zone.

Shi et al [24] carried out a study about the chemical interactions of a diamond polishing
with diamond in water environment at several velocities and normal forces via the
simulation and experimental analyses. The simulations were conducted via MD-LAMMPS
with Reaxff field as potential field. The hydroxide peroxide was included in the water in the
experimental and simulation tests. The increasing of the normal force enlarges the
coefficient friction (COF) owing the enlargement of the C-O-C bond number generations.
The following three cases are examples: (1) 488 nN Fy, 0.08 COF and 0 C-O-C bonds; (2)



1736 nN Fy, 0.1 COF and 9 C-O-C bonds; (3) 2783 nN Fy, 1.15 COF and 51 C-O-C bonds.
The addition of the hydroxide peroxide in the water also reduces the friction force from
200nN to 150nN. This is due the chemical reaction of oxygen, hydrogen and hydroxyl of
the hydrogen peroxide degradation with the carbon hinders the production of C-O-C bonds.
The research group of Gou et al [25] studied the pressure influence on polishing process of
the silica with silica trough using similar simulation conditions as Shi. The material removal
ratio is increased through the generation of the hydroxyl compounds on the silica that allows
the production of the chemical bonds between bodies. The material removal is larger with
hydrogen peroxide at 30% (13 molecules of silica) than only with water (6 molecules of
silica) owing to this chemical compound is a catalyser of the hydroxyl group on silica. The
increasing of the pressure moreover provokes more chemical bonds between body
molecules. Onodera et al [26] assessed the effects of the normal force on the chemical
reactions between o-quartz, water and ceria in a polishing process. Ondera et al observed
that the chemical reaction between ceria and silica produces Ce-O-Si-R bonds that weaken
the bonds between the silica molecules of the block. Thus, this chemical reaction eases the
silica removal form the block. Other study via MD simulation of the chemical influence on
the mechanical process was carried out by Wen et al [27], which was about the amorphous
silica polishing with abrasive powder (a-quartz) in water. The potential field Reaxff was
used. The research revealed that the a-quartz silica molecules generate bonds with
amorphous silica molecules are the main material removal mechanism. The hydroxide
peroxide furthermore eases the formation of these bonds and increases the friction force.

Although the scratching processes have widely been studied, these were only focused
on the mechanical and physical part. Also, the chemical part of the polishing has deeply
been evaluated through simulations in water environment but the simulation analyses in dry
conditions are scare. The study of the chemical part of the scratching process in dry
conditions thus is null. For this reason, this paper presents the physical and chemical
phenomena under the variation of normal force and velocity of scratching processes on fused
silica with a-alumina as abrasive grain or tool. The Reaxff field was used as potential field
in this study to simulate the chemical reactions in scratching process because this allows to
simulate the generation, breaking and replace of the chemical bonds (e.g. covalent, ionic,
metallic and macromolecular) [28]. Other force fields method only permits to simulate the
bonds and their interaction for each other but the bond generation and breaking simulations
are limited.

Method and models

1. Methods and general conditions

MD is a semi-empirical method to simulate the atom interactions and velocities through
newton’s equation. Here the MD simulations were carried out using LAMMPS software
[29]. The force fields were simulated via Reaxftf method with H/O/Si/Al/Cu force field [30].



The Reaxff method permits to model the chemical interaction and reaction by means of the
simulation of the chemical bond breaking and generation. All simulations were conducted
with real units (defined in LAMMPS), in 3 dimensions with f p f boundary, full atom style
and with 3.0 bin of neighbour. Here the f p f boundary features of the global simulation box
indicate the boundary in X and Z directions are fixed (f letter) while the boundary in Y
direction is periodic (p letter) and allowed the interaction between sides. Here the radius of
the interaction between atoms is function of the Reax force field plus 0.3 nm according to
3.0 bin and real unit (defined in LAMMPS). The simulation were visualised through Ovito
software [31].

2. Reactive force-field (Reaxff) interatomic potential

The reactive force-field (ReaxFF) interatomic potential is a powerful computational tool
for materials interactions based on the principles of quantum mechanics (QM). The force
field Reaxft allows to simulate the chemical interactions by means of the representation of
the bond breaking, generating and replacing. The total energy of the system (ETotal) could be
estimated via the chemical characteristics via this force field, as presented in equation (1)
[32, 33].

ETotaleb+Ea+Elp+ECO +ET+EV+EC+EW+EH (1)

Where, Ey is the bond energy, E. is the atomic energy, Ej, is the lone pair energy, Eco
is the valence angle conjugation energy, Er is the torsion energy, Ev is the valence angle
energy, Ec is the coulomb energy, Ew is the Van de Waals energy and Ey is the hydrogen
energy. The majority of these energies are functions of the bond order (e.g. single, double
or triple) that is represented as equation (2) [32-35].

Pbo,4

BO;; = exp [pbol * (l)pbo'z] + exp [pbo3 * ( ) ] + exp [pbos * (— ”b“] 2)

Being, pvo,1 the bond term for first electron, pwo,2 the bond term for second electron, ppo,3
the bond term for third electron, pro4 the bond term for fourth electron, pyo,s the bond term
for fifth electron, pvo, the bond term for sixth electron, rjj the interatomic distance, 1,° the
equilibrium length for the sigma bond, r," the equilibrium length for the first pi bond and
o™ the equilibrium length for the second pi bond [35].

The bond energy Ey is defined by order (e.g. single, double or triple) force, number and
length of the chemical bonds as in equation (3) [32-35].

Eb — l bon number De % BOj,i * exp [pbe,l % (1 _ Bf})e,z)] (3)

where, De is the dissociation energy, pre,1 and poe2 are empirical parameters [35].



The atomic energy E. is determined by the electron around atoms that are the non-
bonding and bonding electrons. This chemical parameter thus indicates the atomic
coordination (bond number) of the molecule. E, is therefore called as over and under
coordination energy. The function of this energy can be found in the equation (4) [36].

Eq = P * (BOy; = Val) * (i) @

1+exp (Aa*(BOi_j—Vali)

Where, pais the atom term, Val is the number of valence electrons and A, is experimental
term of the atomic coordination.

The non-bonding (lone pair) electrons number defines the Ei, as can be seen in the
equations (5) and (6) [32].

BOU ~Val; BOU ~Val;

)+exp[ —Dip * (BO;; —Val; + 2 — int(———— ))] (5)

Nyp; = int(

Pip*(Mip,opt—Nip,i) (6)
P 1texp (754 (Mip,ope—Tip,i)

Being, pip the lone pair term, nip,opt the optimum lone pair electron number and nyp; the
lone pair electron number.

Ecois defined by the resonance of the electrons on the molecules that is determined by
the order of bonds as can be viewed in the equations (7) and (8) [32].

Eco = f1(B0O;,BOjx, BOy,) * Pcor * (1 + (cos?(wyjx) — 1) * sin Oy * sin O, (7)

f1(BO, ;, BO; 1, BOy,) = exp [—Pcoz * (BOy; —1.5)" + (B0, — 1.5)" +
(BOy, — 1.5)°] (8)

Where, f1(BOj;, BOjx, BOL,) is the resonance or conjugation function, pco1 is the first
conjugation term, wijk is the torsion angle, 0;jk is the angle formed between first, second and
third atoms, Ojx is the angle formed between second, third and fourth atoms, pco2 is the
second conjugation term, BOj; is the order of the bond for first and second atoms, BOjx is
the order of the bond for second and third atoms and BOx is the order of the bond for third
and fourth atoms.

The mobility freedom of the molecule is the main factor in Et, whose function can be
found in equations (9), (10) and (11) [36].

. . 1
Er = f,(BO0; j, BOjx, BOy) * sin 6 * sin G * [5 * Ky * exp (pry *



(BOj,k -3+ fg(Aj,Ak)z) *(1—cos2* Wijkl) + % * K, * (1 + cos 3 * Wl-j,d)] 9)

f2(BO; j, BO;,, BOy;) = [1 — exp(—pr2 * BO; ;)] * [1 — exp(—pra * BOj )] *

[1 - eXP(—PTz * BOk,l)] (10)

f (A A ) _ 2+exp [-Ar1*(BOj—-Valj+BOx—Valy)]
3\ B 8j) — 1+exp[-A71#(BOj—Valj+BOk—Valy)|+exp [Ar2+(BOj—Va j+BOx—Valy)]

(11)

Being, £2(BOij, BOjx, BOx,) the function of the torsion smooth disappearance, K; the
force constant for second and third atoms, pri the first torsion term, K> the force constant for
third and fourth atoms, pr2 the second term, f3(A;, Aj) the function of the lone pair electrons
on torsion, At the first experimental parameter of the torsion, BO; the bond order for second
atom, Val; the valence of second atoms, BOx the bond order of third atom, Vali the valence
of third atoms and At> the second experimental parameter of the torsion.

The valence angle (molecular angle) defines Ev, which can be seen in equations (12),
(13), (14) and (15) [32].

Ey = —pys + ﬁL(BOi,j) * fS(BOj,k) * fG(Aj) * [py1(1 — exp (—py, * (90(30) - Qijk)z)]

(12)

f+(BO;;) = 1 — exp (—pys * BO? (13)

f5(BOj) = 1 —exp (—py3 * BOS¢ (14)

f 6(Aj ) =pvs = (oys = D)+ 1+exp (pV6*(2;;jf;5;;§:iij(_—:a‘,li(Bo j-val})) (15)

Where, pvi is the first valence angle term, f4(BO;;) is the function of the valence angle
of the first and second angle, fs(BOjx)is the function of the valence angle of the second and
third angle, fs(A;) is the function of the second atom lone pair electron on the valence angle,
pv2 is the second term of the valence angle, 0o is the equilibrium valence angle, pvs is the
third valence angle term, pv4 is the fourth valence angle term, pvs is the fifth valence angle
term, pvs 1s the sixth valence angle term, BO; is the radius function for the second atoms and
pv7 is the seventh valence angle term.

The charge of the atoms and the interatomic distance are parameters that define Ec, as
being indicated in the equation (16) [33].

C+ai%q;

1
7 34 (——)3)1/3
i+ G

(16)

Ec



Being, C the coulomb constant, q; the first atomic charge, g; the second atomic charge,
1;,j the interatomic distance and vy;; the shielding parameter.

Ew is determined via the distance between atoms and the polarizability how can be seen
in the equations (17) and (18) [32, 36].

Tw Tw

Ew = D;j = [exp <ai,j * (1 — M)) — 2 * exp (% * (1 — M))] (17)
f(riy) = + (%)pw]l/ Pw (18)

Where, Dj; is the polarisation dissociation, ai; is the polarisation factor, f(ri;) is the
shield interaction function, rw is the Van der Waals radius, pw is the Van der Waals term
and yw is Van der Waals shielding parameter.

The hydrogen energy En is defined by the force, angle and number of the hydrogen
bond as showing in equation (19) [32].

o .0
Ey = pu1 * [1 — exp(py; * BOxp)] * exp [pH3 o (ST 2)] « (sin=5)° (19)

YzH TH

Being, pui, pu2 and pns the first, second and third hydrogen bond parameter, BOxu the
hydrogen bond order, r the equilibrium hydrogen bond, rzu distance between the
hydrogen and the atom and 6xnz the angle between the hydrogen and the atom. This
energy is only observable for systems with water, hydrofluoridric acid or/and
hydroxyl/alcohol groups.

Note, Ec, Ew and Ey are non-bonding energies while Ey, Ea, Eco, Eip, ET and Ev are
bonding energies.

3. Simulated Materials and model setup

Two materials were used to conduct the scratching simulations, which were the grain
and optical glass material. The sketch of the system can be observed in Figure 1.
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Figure.1. MD simulation system consisted of fused silica (optical glass) and a-alumina

(grain).

In the simulation, the grain was the tool to scratch the optical glass material surface.

The material of the grain was a-alumina formed by Al™ and O with hexagon packaged

closed (HPC) [37]. The partial charges of the elements were -1.0158 e for oxygen and

1.5237 ¢ aluminium [38]. The shape of the grain was a cylinder with a semi-spherical base.

The height of the cylinder was 5 nm and the radius of the 5 nm. The grain was designed as

hollow rigid body with 1 nm of thickness to reduce the computing time [17].

The optical glass material was a-quartz [25] consisted of the Si** and O2, whose partial

charges were 2.4000 e and -1.2000 e [39], respectively. The size of the optical glass

material block was 13.2 nm x 19.5 nm x 5.9 nm in X, Y and Z axes. The glass block was

formed of three layers to stabilise the simulation [17, 40], which were the next:

Boundary layer was placed in the bottom and X axis right side of the block and its
thickness was 0.8 nm. The atoms of this layer were set to remain a constant position
during the simulation to represents the part of the optical glass material outside the
scratched zone.

Thermostatic layer was top and left of the boundary layer, whose thickness was 0.7
nm. This layer was used to simulate the dissipation heat into the bulk material by
mean of thermal conductivity. This was conducted via Berendsen thermostat for
temperature simulation and canonical ensemble (NVT) for the atom trajectory and
velocity.

Newtonian layer was the last layer that was the rest of the block, which represents
the scratching zone where the abrasive grain interacted with the optical glass
material. The velocity and trajectory of the atoms for this layer was simulated via
microcononical ensemble (NVE).

The grain was localised to the left side of the X axis, in the middle of the Y axis and

on the optical glass material surface.



4. Process Conditions for Scratching Simulation

The assembled atom system was initialised and stabilised for 40 ps before the normal
force (Fn) in Z direction and horizontal velocity (V) in X direction were applied on abrasive
grain. In the simulation, the Fxn that represented normal polishing load on grains varied at
different levels as 0.05 nN, 0.75 nN, 3.00 nN, 10.00 nN, 40.00 nN and 80.00 nN while the
V were selected as 10 m/s and 100 m/s.

Results and Discussion

1. Physical Phenomena

This section presents and discusses the physical characteristics of the scratching
simulation. These features under consideration are the optical glass material temperature and
potential energy development over time, the type, depth and displacement of the scratching.
These observations and discussions are essential to understand the scratching physical
processes and the stability of the system.

The optical glass material temperature and the potential energy of the system
development over time are the first characteristics to be assessed, which can be observed in
Figure 2. The temperature (Fig.2. a, b) owned a dissimilar behaviour with the time according
to the normal force and sliding velocity. The simulations nevertheless showed a temperature
could have a short period staying at a relatively constant level, then elevated gradually
toward a stage where the temperature increased drastically, which indicated glass melted
and the system was instable.

The simulations at 100m/s scratching speed with normal load > 10.00 nN (Fig.2.a)
shows the temperature remained constant until the destabilisation point. This is due to both
the friction energy [41] and the bond breaking via scratching pressure [42, 43] that increase
the temperature of the system. The simulations at 100 m/s scratching speed with normal load
< 3.00 nN showed similar temperature evolution to the previous simulation at first 10
picoseconds (= 10 ps). After this point, the temperature progressively elevated with the time
until the system destabilisation point. This increment also is because the friction and removal
material [41-43] but, these processes are less drastic than that for the previous case.

The temperature variation over time in the simulation at the scratching speed of 10 m/s
and the normal load > 10.00 nN (Fig.2.b) was similar to that under the scratching speed of
100 m/s with the same normal load. The simulation results with normal loads at 3.00 nN and
0.75 nN showed similar slow temperature elevation as those with higher normal forces up
to 16 ps. The temperature elevation slowed down after this point because of the heat rate
and the dissipation heat begin to be in equilibrium. The destabilisation of the system was
found when the temperature dramatically increased. The simulation at the scratching speed
of 10 m/s under normal load 0.05 nN possessed a similar temperature elevation as other
normal loads up to 80 ps (Fig.2.b. black curve). After this point, the temperature remained
fairly stable with slightly increase over the time up to 208 ps. This stable temperature



indicates that the heating rate is similar to the heat dissipation rate. The last part of the
temperature evolution was characterised by a temperature peak from 208 ps to 256 ps due
to a large amount of material displacement — a phenomenon of dragging. The material
displacement is the main removal mechanism for dragging that breaks the silica block bonds
via silica adhesion on a-alumina. The breaking of the bonds commonly is a exothermic
reaction that raises the temperature [42]. This was observed as the up slope of the peak. The
re-localisation of the material passed contact area on surface then generates new bonds
between detached silica and optical glass material surface. The bond production commonly
is endothermic process that reduces the temperature [42]. These processes were also
observed in the chemical phenomena that will be discussed further later.

The dissimilar development of temperature over time according to velocity is because
friction energy is proportional to this factor [41, 45].

The potential energy developments over time (Fig.2.c,d) were inversely similar to that

of the temperature evolutions. This is because the potential energy represents the stability of
the system (atom immobility) that is opposite feature to the temperature.
The loss of the kinetic energy during scratching is convert to friction energy [46]. The
excessive friction energy could massively break the chemical bonds of the optical glass
material. The massive breaking of the chemical bonds permits to have more movement
freedom to the molecules and atoms. The temperature only is a representation of the
molecular/atomic movement [47]. High temperatures therefore showed molecules and
atoms with fast speed. The bond breaking also is an exothermic process that supplies an
extra temperature to system [42]. The time to reach this destabilisation system was longer at
slower velocity and lower normal force. This is owing to the friction energy is proportional
to sliding velocity [46] and normal force [48].
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Figure.2. Variation of temperature and potential energy in the scratching of optical glass at
100m/s (a, ¢) and 10 m/s (b, d).



The behaviours of scratching processes just before the destabilisation of the system can
be visualised in Figure 3. Three types of the scratching actions were observed according to
normal force and velocity, which were penetration, penetration with dragging, and dragging.

The first type of the scratching is penetration as illustrated in Fig.3. (a, b, d), which
happened in the scratching processes at the speed of 100 m/s with normal load > 40.00 nN,
and at the speed of 10 m/s with normal load > 3.00 nN. This scratching type was
characterised by a quick penetration of the grain into the material without adhered silica
materials on the grain. The fast penetration produced by great normal force with less
interaction time between atoms did not provided enough time for the optical glass material
to adhere on grain. As a result of the high load force, the velocity of penetration in Z axis is
higher than the horizontal sliding velocity. This provokes that the time of optical glass
materials contact on the grain surface becomes shorter than the necessary time to adhere the
silica on a-alumina. Therefore, it avoids the dragging phenomenon [16, 46].

When scratching at the speed of 100 m/s with normal load at 10.00 nN, 3.00 nN and
0.75 nN or at the speed of 10 m/s with the normal load of 0.75 nN, the dragging phenomenon
happened along with the penetration. Fig.3.c shows an example. This penetration and
dragging scratching type was featured by the lower penetration speed of the grain into the
silica materials, the adhered silica on the a-alumina leading to silica material displacement.
The lower load normal force leads to relatively slower penetration speed, which gives the
sufficient time for the optical glass materials to adhere on the grain and to be dragged away
[16, 46]. The adhesion only appeared after about 16 ps of scratching.

The scratchings under the normal load at 0.05 nN for both horizontal velocities of 100
m/s and 10 m/s shows dragging actions, featured by dragged material displacement and
adhered material on the grain; Fig.3 (e, f) are examples. At this case, the normal force is
insufficient to penetrate the optical glass materials, which provokes the horizontal
interactions at the interface of the two materials. The adhered material amount is thus
increased over the time.

All scratching created a structural modified zone in the silica materials under the grain.
With the grain penetration, the altered zone is as a result of the plastic deformation caused
by the high normal force [20, 21]. In the case of the dragging, this zone is produced by the
molecular reorganisation of the surface atoms via adhesion effect [18]. The zone for
penetration with drag-scratching is owing to both reasons because both processes can be
found in these scratchings. The plastic deformation and adhesion effect were also found in
the chemical phenomena, which will be discussed in 3.2. Section (Chemical Phenomena).
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Figure.3. Ovito images of the fused silica scratching with a-alumina at 100m/s (a,c and e)
and 10m/s (b, d and f) with 80.00nN (a-b), 10.00nN (c-d) and 0.05nN (e-f). Yellow
particles are silicon of the silica, dark blue particles are the oxygen of the silica, grey
particles are aluminium of the alumina and light blue particles are oxygen of the alumina.

A scratching process could be characterised by the depth and length of the scratching
that the grain travel from the scratching starts to the point that the system becomes unstable.
The influence of the normal force and velocity on these features can be viewed in Figure 4.

The penetration depth (Fig.4.a) was increased with the increase of the normal force and
the decrease of the velocity. With higher normal force, the materials could be penetrated
faster because structural strength is quickly excessed [49]. The penetration depth in turn is
proportional to this factor.

The scratching length before system unstable (Fig.4.b) was shorter at slower velocity
and higher normal forces. The fast velocity obviously permits the scratching to cover longer
distance than slow velocity, while the low normal force allows the systems stay in stable for
longer time. The time that the force applied on a contact point of glass surface is inversely
proportional to the velocity.



The dragging occurrence requires a certain interaction pressure and a certain time to
establish. Therefore, lower normal load will allow system stay stable long enough for
dragging to establish. It is noted that the dragging only appears when the normal load is
lower than a certain value for a given speed. In this investigation, it shows the dragging will
appear when the normal load is less than 10.00 nN for the sliding velocity equals to 100 m/s
and when the normal load is less than 0.75 nN for the sliding velocity equals to 10 m/s.
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Fig. 4. Graphs of the scratching depth a) and horizontal displacement b) in function of
normal force.
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2. Chemical Phenomena

The chemical interactions of the scratching were studied through the assessment and the
discussion of the simulation visualisation and chemical energy developments over time.
These energies were according to bond, lone pair and torsion molecules. The variation of
these energies over time indicated chemical interactions between the engaged bodies. The
chemical interactions were the other essential part of scratching mechanisms.

The chemical interactions between fused silica (optical glass material) and a-alumina
(abrasive grain) can be viewed in Figure 5. The main chemical interactions were between
the oxygen of the silica and the aluminium of the alumina, and between the silicon of the
silica with the oxygen of the alumina. This chemical interaction dragged the silica on the
grain surface as shown in Figure 5 (indicated by red arrows), where the silica was adhered
to grain surface by single or several molecules. These chemical interactions were observed
by Lomic et al [50]. The chemical reaction mechanisms were proposed to these chemical
interactions as:

—Al—-0—-Al+0-Si—0—o —-Al—-0—-Al-0-Si*+0" —
—0—-Al—-0+Si—-0-Sio0-Al—-0-Si—0" +Si* —

The accumulation of the silica was seen on the optical glass material surface after grain
sliding due to detached the silica adhered to a-alumina. The weakness of the adhesion bond
could still allow the adhered silica to be easily broken.
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Figure.5. Observation of chemical reaction between abrasive grain and optical glass
material at the scratching time 240 ps with the speed of 10m/s and normal force of 0.05n N
applied.

The chemical energy developments over time of the simulations were evaluated to
assess the chemical interactions in depth. Simulation chemical energies were dissimilar
according to the velocities and normal forces (Fig.6-8).

The bond energy (Fig.6.) developed over time with dissimilar behaviour in according
to the normal force and velocity. Similar to potential energy behaviours, the system
destabilisation behaviours of the simulations were featured by the dramatic reduction of the
bond energy because the massive destruction of the bonds [32-35].

Under the condition of velocity at 100 m/s, (Fig.6.a) showed the bond energy was
observed in this kind. This is fluctuated due to the grain pressed on the optical glass material
surface and reduced the bond length that increases the bond energy. When the atoms are so
close, the interatomic repulsion forces increased to repel the atoms from each other, which
in turn diminished the bond energy [51]. The fluctuation cycle is around 2 ps, which is
equivalent to average atom distance for 100 m/s. Such energy fluctuation could last up to 16
ps. After this time, the bond energy became less fluctuated and reduced with the time
increment until the system destabilisation point. This can be owing to the adhesion of the
silica on a-alumina breaks strong bonds and generates weak bonds. This could indicate that
the time the adhesion process establishment is = 16 ps.

When the simulation velocity reduced to 10 m/s (Fig.6.b), the majority of simulations
showed similar behaviours. The only exception was the simulation at the normal load of
0.05 nN. Bond energy evolution would stay relatively constant after 48 ps until 208 ps when
a valley appeared in the end of the simulation. The constant energy shows the force of the



bonds remains constant over time [32-35]. The valley indicates an adhesion/detaching
process between silica and alumina. The re-deposition or adsorption of these molecules on
the materials diminished the bond energy via the replacing of the covalent (strong) bond by
adhesion (weak) bonds. The fall of the silica adhered increased the bond energy via the
creation of strong bonds with the materials [32-35]. Note, this valley was observed in the
potential energy graph (Fig.2.b.) and coincided in the time with the peak of the temperature
graph (Fig.2.a). This shows the thermodynamic effects of the adhesion/detaching process on
the system.
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Figure.6. Graphs of the bond energy in function of time for the simulations at 100m/s (a)
and at 10m/s (b).

The lone pair energy evolution over time (Fig.7.) was distinct for different normal forces
and velocities but all destabilisation system point was featured with the same form that was
the fast increment of the lone pair energy. The broken bond electrons are split between the
atoms, which increases the non-bonding (lone pair) electrons number [32].

The simulation at the velocity of 100 m/s (Fig.7.a) owned two types of the energy
evolution over time according to different normal forces. The simulation with normal load
>40.00 nN possessed energy evolution that was featured by an increment of the energy with
the time at first picoseconds. This first type of energy evolution is due to the plastic
deformation of the optical glass material, which produces a microstructural change that
further generates lone pair electrons through bond breaking. The lone pair energy will then
diminish with the time increment until system destabilisation point owing to the deeper
penetration of the abrasive grain into the optical glass material with these normal loads. The
contact area between abrasive grain and the silica materials will increase with the depth of
the scratching. The lone pair electrons of the bodies (abrasive grain and optical glass
material) will in turn interact for each other to generate bonds, which will then reduce their
lone pair electrons number. The second type of the lone pair energy development was found
from the simulations at the normal load < 10.00 nN. The first stage of this energy evolution
was similar than that for the first type at the start of contact. After the first stage, the energy
remained constant until the system destabilisation. This indicated that the number of the lone
pair electrons are constant over the time [32] for this second stage. The adhesion is produced
via the lone pair electrons of the surface molecules of the abrasive grain and optical glass



material. The adhesion of the silica molecules to a-alumina surface in turn is proportional to
contact area. The dissimilarity of the energy evolution related to different normal forces is
because of the different penetration of the grain. The limited penetration of the grain at low
normal force (< 10.00 nN) provokes a limited contact area that provokes less changes in the
lone pair energy due to the low lone pair electron interactions. In the opposite case, the
contact area under higher normal force is increasing over time by the continuous penetration
[48] and therefore, the abrasive grain and optical glass material lone pair electrons is
increased.

In the case of the simulation at the velocity of 10 m/s (Fig.7.b), the first type of lone pair
energy evolution was observed for simulations at the normal force >0.75 nN, whilst the
second type was found for the simulations at the normal force at 0.05 nN. The first kind
possessed the lone pair energy increment at low normal force than at great normal force
because the less scratching depth. This produces a structural modified zone that owns high
number of the lone pair electrons [52]. On the other hand, the lone pair energy reduction
with the time was enlarged at greater normal force because of the higher penetration of the
abrasive grain in the optical glass material. This provokes that the contact area is larger and
therefore, more lone pair electrons are converted to bonding electrons. Although simulation
at 0.005 nN showed similar evolution as the second type, the peak from 208 ps to 256p s
was also seen. The pulling off of the silica molecules from the optical glass material by
means of their adhesion to abrasive grain produces lone pair electrons due to the optical
glass material bond breaking. This is observed as the up slope of the peak. The silica adhered
on a-alumina will then be detached over time because of their weak bonds. The silica
redeposited on surface will thereafter interact with the optical glass material molecules
through the lone pair electrons. This reduces their number and this is represented as the down
slope of the peak in the lone pair energy graph. The dissimilar lone pair energy evolution
according to the normal force is a result of the same reason as that in the case of the
simulation at 100 m/s [48].
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Figure.7. Graphs of the lone pair energy in function of time for the simulations at 100m/s
(a) and at 10m/s (b).
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Figures 8. shows that the torsion energy development over time was dissimilar
according to the scratching conditions. The system destabilisation point nevertheless was



similar for all simulations that was characterised by the increment of the torsion energy. The
generation of the single molecules through the material bond breaking have more movement
freedom than the material molecules [53].

Two types of the energy evolution were found in the simulation at 100 m/s (Fig.8.a),
which was depended of the normal force. The first type was at the normal force > 3.00 nN,
featured as the fluctuation of the energy until system destabilisation point. These fluctuations
are owing to the structural changes produced by the optical glass material plastic
deformation. This inserted pressure creates the enlargement and the shortening of the bonds.
The twisting capacity of the molecules is reduced with the reduction of the bond length while
the enlargement of the bond increases this capacity [36]. The second type of the energy
evolution was observed in the simulation at the normal force < 0.75 nN. The torsion energy
evolution was similar to the first type when the scratching time < 12 ps. After that, the torsion
energy increased over the time until the point of system destabilisation because the adhered
molecule number is enlarged with the time. The mobility capacity of the adhered silica
molecule on a-alumina is higher than that for the silica molecule of the optical glass material.
This can be considered another adhesion time that was dissimilar than previous time (16 ps).
This is because the torsion energy can be more sensible to this adhesion process than the
other chemical energies (bond and lone pair energy). Therefore, the initial adhesion time can
be considered as 12 ps while the stable adhesion time can be defined as 16 ps.

Regarding the simulations at 10 m/s (Fig.8.b), the majority of the conditions had similar
energy evolution than that for simulation at 100 m/s. The only exception was the simulation
at 10 m/s and 0.05 nN. Before 12 ps, the energy evolution was similar to that for second
type. From 12 ps to 32 ps, the energy remained constant with the time because the number
of the silica adhered and detached are in a status of dynamic equilibrium. The energy then
enlarged over time from 32 ps to 80 ps due to the amount of adhered silica molecules is
increased with the grain displacement. The new equilibrium status between
adhered/detached silica was found from 80 ps to 208 ps. A torsion energy peak was
moreover observed before the system destabilisation point, as previous chemical and
physical graphs. This peak is as a result of the accumulation of massive adhesion of the silica
on a-alumina leading the increase of torsion energy. The torsion energy decreases when
more silica detached from the abrasive grain owing to the larger compaction of the optical
glass material silica than the silica molecules adhere on abrasive grain.

The dissimilar torsion energy behaviour depends on normal load on grain. High normal
force reduces the time to system destabilisation while low force permits longer stable time.
This permits to have larger interactions between the grain and the glass materials. In the case
of the velocity, slower sliding will give longer stable time.
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Figure.8. Graphs of the torsion energy in function of time for the simulations at 100m/s (a)
and at 10m/s (b).

Conclusions

The molecular dynamics simulation has allowed the physical and chemical mechanisms
of the silica surface scratching process with a-alumina abrasive to be assessed at nanoscale.
The influence of acting normal force and abrasive velocity on material removal can be
studied by using Reaxff force field in the simulation of the scratching processes of interests.

According to normal load and sliding velocity applied, the scratching actions can be
classified as penetration (penetration without adhesion), penetration with dragging
(penetration with adhesion) and dragging (non-penetration with adhesion). The structural
changes of the optical glass material under the grain are due to the dislocation and plastic
deformation. The simulation shows the formation of adhesion may require 12ps to start and
16 ps to establish.

The temperature and potential energy development over time are dissimilar according
to the normal load and velocity. Higher force and faster velocities generate higher
temperature and cause silica materials unstable in a shorter time.

The chemical interaction between a-alumina and silica is basically adhesion that is
formed via none-bonding electrons. The energy evolution over time was dissimilar
according to the normal load and velocity.

The simulations show that the scratching at the velocity of 10 m/s and the normal load
of 0.05 nN possesses the longest stable time, therefore, to avoid surface damage lower
velocity and normal load should be considered. In the future, the simulations with slower
velocities (1 m/s and 0.33 m/s) will be to conducted to explore a more stable system for
improving polishing performance.
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