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Large high-power laser facilities such as megajoule laser (LMJ) or National Ignition Facility (NIF) are

designed to focus about 2 MJ of energy at the wavelength of 351 nm, in the center of an experiment

chamber. The final optic assembly of these systems, operating at 351 nm is made of large fused silica

optics working in transmission. When submitted to laser at the wavelength of 351 nm, fused silica

optics can exhibit damage, induced by the high amount of energy traversing the part. The created

damage is a set of micro-chips that appear on the optic surface. Current researches have shown that this

damage could be initiated on pre-existing sub-surface damages created during the optics manufactur-

ing process. It is then very important to understand, for various set of manufacturing parameters, what

are the key parameters for sub-surface damage. The presented work details the development of a

simplified model to investigate the polishing process. Both silica (the material to be polished) and the

abrasive particles are modeled using a discrete element approach. This numerical tool allows following

the evolution of micro-cracks inside the material during the abrasion process. It is shown how the

mechanical properties (pressure), the abrasive properties (shape and quantity of abrasive particles) and

the system properties (filtration) have an influence on the sub-surface properties at the end of the

process.

& 2008 Elsevier Ltd. All rights reserved.
1. Introduction

When submitted to high fluences (45–10 J/cm2) at the
wavelength of 351 nm, transmission fused silica optics such as
lenses, windows can exhibit damage similar to micro-chipping.
Damage is induced by the high amount of energy traversing the
part. An example of such laser damage is shown in Fig. 1.

Consequently, lifetime in the UV of fused silica optics used on
large high-power laser facilities such as megajoule laser (LMJ) [1]
or National Ignition Facility (NIF) [2] has been the subject of
extensive studies. It has been shown that at the wavelength of
351 nm, the lifetime of fused silica optics is determined by both
surface damage initiation and damage growth [3]. Hence,
strategies developed to improve lifetime rely on reducing initiator
density and using mitigation techniques to inhibit growth of
damage sites induced by residual initiators [4].

As for the nature of damage initiators, it has been shown that
damage initiation can occur on local absorption of contaminants
coming from polishing slurries buried into the fused silica optics
interface [5]. Sub-surface cracks, such as the ones present in
ll rights reserved.
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sub-surface damage (SSD) layer of conventionally polished optical
parts, are also possible damage initiators [6,7]. SSD is created
during the first steps of the optic manufacturing [8]. Sawing and
grinding involve hard abrasive grains put in contact with the
optical part to remove material in brittle mode. Generated cracks
can then extend far below the surface. Loose abrasive grinding and
polishing can also damage the optical surface as well. SSD depth is
also greatly process dependent [9]. Creation of SSD during fused
silica grinding and polishing can be seen as the action of multiple
loaded hard particles on a brittle material. Therefore, most of the
models developed to understand the creation of SSD is based on
basic fracture relationship (single static indent, trailing indent, etc.)
combined with experimental data. It leads to an estimation of a
maximal depth of SSD for given manufacturing parameters (load,
particle diameter, etc.) but does not give a complete understanding
of the abrasion phenomenon. Our aim is to get a better physical
understanding of the grinding process. Hence, the present work is
based on the development of a three-dimensional discrete element
simulation (DES) of the grinding step, an early step of the fused
silica optic polishing process. This study focuses on SSD.

In 1995, taking into account existing wear models, Meng
and Ludema [10] proposed to abandon efforts to model wear in
terms of known wear mechanisms and develop full descriptions
of the progression of macroscopic events on sliding surfaces.
el to investigate sub-surface damage due to surface polishing.
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Nomenclature

Fa adhesive force
FN normal contact force
Fnt normal joint force
Fs joint shear force
Fd dissipative contact force
Fr repulsion force
K contact stiffness
M mean particle mass

Mi mass of the sphere i

Mij equivalent mass
Nbj number of broken joint
Nd number of detached particles
PN normal applied pressure
R mean particle radius
Ri particle radius of sphere i

Vp lower wall velocity, sliding speed
a viscous damping coefficient
d overlap between two spheres

Periodical boundaries
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This included a description of the formation and movement of
fragmented particles in the interface region. This recalls the
work of Godet and co-workers [11–13], who developed the
concept of the third body in the 1970s, aware of the lack of
conceptualization concerning dry contacts. The underlying idea
was to use the same approach in order to study lubricated and dry
contact. For this, Godet defines the third body as the medium at
the interface of two bodies in contact. To study the behavior of the
third body inside and outside the contact, Berthier proposed [14]
the tribological circuit which brings into play all the third body
flows and thus provides a very general view of the problem.
This makes it applicable to a wide range of tribological situations.
Based on this tribological circuit and coupling DESs to experi-
mental, but simplified, wear studies, Fillot et al. [15–17] proposed
a set of equations that allows a qualitative modeling of wear
as a mass balance in the contact area. Iordanoff and Charles [18]
showed how abrasion process can be studied as a particular
and controlled wear process. Two-dimensional DESs were used.
This study outlined the effects of abrasion process (free or fixed
abrasive, re-circulating or loosed abrasive flow) on both removal
material rate and sub-surfaced damage. This preliminary
work has been carried out to outline the possibility of using
DEM simulation for the study of SSDs. The model is based on
micro-mechanical laws. The laws chosen for this study have been
greatly simplified. The next step is to find the contact laws
and link laws that allow a quantitative comparison between
the presented results and classical results from the fracture
mechanics literature [19], like the linear elastic F.M. Such
comparison between discrete approach and continuous approach
has been carried out for the study of silicon carbide by Ippolito
et al. [20].
Fig. 1. Laser damage on a fused silica polished window created at 15 J/cm2, 3 ns

pulse length.

Please cite this article as: Iordanoff I, et al. A discrete element m
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2. Numerical model

The model of a degradable material has been widely described
in Refs. [15,16]. The main principles are briefly recalled.
2.1. Geometrical description

According to Fig. 2, the upper first body (silica piece to be
surfaced) is constituted by spheres linked together by elastic solid
joints. The diameter of a given sphere is chosen randomly from a
normal distribution around a mean diameter to avoid defining a
specific layout for the spheres. This first body is linked to the
upper wall.

The lower first body (tool) is simply defined as a lower rigid
wall made of adjacent spheres. The roughness of the tool surfaced
is linked to the sphere diameters.

The abrasive particles are spheres or group of spheres (one to
four spheres) linked by an elastic solid joint.
2.2. Boundary conditions

Each wall has a single degree of freedom that allows
translation. The upper plate is subjected to a constant normal
pressure PN along z and is free to move vertically while the lower
one moves horizontally with an imposed velocity Vp along x.
Periodical boundary conditions are applied on the sides in order to
mimic an infinite flow field along x.
z

y

x

Imposed velocity
Lower wall

Abrasive particles

Degradable
First body

Upper wall

Fig. 2. Description of the simulated domain.

odel to investigate sub-surface damage due to surface polishing.
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2.3. Particle interaction forces

The particle interaction laws define the micro-mechanical
properties of the media. These laws can be linked to the
macroscopic rheological behavior of the material. The interaction
forces are divided into contact and link forces. Every particle is
submitted to contact force. This force acts only when two particle
are in a compressive state. Two adjacent particles belonging to the
same solid (silica first body or abrasive grain) are linked by a solid
joint that acts in traction and shear state.

2.3.1. Contact force

Three types of forces are taken into account during the contact
between two spheres: repulsion, adhesion (both are energy
conservative) and energy dissipation. Simple interaction laws
have been chosen. These three interactions are not linked in order
to be able to identify the effect of each component on the global
behavior. The knowledge of geometrical compressive interaction
dnc allows the force calculation (Fig. 3).
�

P
T

Repulsion is represented by a linear spring, whose stiffness
is defined by K and the force Fr corresponding to an overlap
dnc is

Fr ¼ K � dnc (1)
�
 Adhesion has been simplified to a constant g:

Fa ¼ g (2)
�
 The energy dissipation in the contact is due to viscous
damping, and the damping force is written classically as:

Fd ¼ 2a
ffiffiffiffiffiffiffiffiffiffi
KMij

q
� _dnc (3)

where a is the damping coefficient (o1), _dnc the impact speed, and
Mij is the equivalent mass of the contact:

1

Mij
¼

1

mi
þ

1

mj
(4)

The sum of the interaction forces is

~Fcontact ¼
~Fr þ

~Fa þ
~Fd

Fcontact ¼ �Kdnc þ g� 2a
ffiffiffiffiffiffiffiffiffiffi
KMij

q
� _dnc (5)

where F and _dnc are algebraic values.
This type of law is commonly used in DEM simulations. One of

the main advantages is that it provides a direct link between the
viscous damping coefficient and the coefficient of restitution used
in kinetics models [21,22].

2.3.2. Solid joint law

The solid link is created between two adjacent spheres
belonging to the same solid. The normal force due to this link is
Fig. 3. Contact and joint definition.

lease cite this article as: Iordanoff I, et al. A discrete element mod
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calculated only under traction state (Fig. 3) and is equal to

Fnt ¼ K � dnt (6)

The compressive force is calculated when contact occurs. This
way to calculate normal force allows taking into account a
difference between compressive and traction stiffness for a given
material. In the present study, compressive and traction stiffness
are the same.

The shear force (Fig. 3) is calculated, thanks to the shear
distance calculated between two points at the contact sphere
periphery:

Fs ¼ K � ds

2.3.3. Particle detachment

In this simulation, the links between abrasive particles are
non-breakable.

For silica, the yield stress under traction (50 MPa) is far under
the yield stress under compression (1050 MPa). In the present
study, it is assumed that first body (silica) link breaks only under
traction state: when the link is under traction and when the link
force reaches a yield value Fy, the link is broken. This law is
characteristic of a brittle material.

2.4. Numerical algorithm

An explicit algorithm is chosen. The progression of the sample
requires cyclic calculations. Given the particle’s centers positions

at time t, Pt
i ðx

t
i ; y

t
i Þ, all inter particle contacts can be identified and

their corresponding overlap d calculated. It is then possible to
compute the inter-particle forces using a given force–displace-
ment law. The knowledge of particle rotation at time t allows
calculating the joint forces. Once the forces are calculated,
Newton’s second law enables the computation of the translation

accelerations At
i ð€x

t
i ; €y

t
i ; €z

t
i Þ of the particle centers and particle

rotation acceleration yt
i ð
€y

t

xi;
€y

t

yi;
€y

t

ziÞ:

€xt
i ¼

X Fxj!i

mi
; €yt

i ¼
X Fyj!i

mi
; €z

t
i ¼

X Fzj!i

mi
(7)

where mi is the particle mass.

€y
t

xi ¼
XMxj!i

Ixi
; €y

t

yi ¼
XMyj!i

Iyi
; €y

t

zi ¼
XMzj!i

Izi
(8)

where Ixi, Iyi, and Izi are the particle inertia around Gx, Gy and Gz. G

is the particle center of gravity.
Finally, a Verlet velocity algorithm [23], which is a classical

explicit algorithm in DEM, is used to integrate the velocities of the
sphere centers, the rotational velocities, the new positions of
sphere centers and the new position of the solid joint action
points over a small time step dt.

This method of computation is rather simple. On the other
hand, the time step must be chosen with care: it has to be short
enough to localize all the inter-particle contacts and long enough
to avoid prohibitive computer times.

2.5. Numerical sample

The sample is generated by a random creation of spheres
(Fig. 4a). Then, the domain is compressed and links are created
each time a contact is detected (Fig. 4b). No link is created with
the lower wall. The body created by this assembly of random
sphere will be the same for all simulations. The virtual building of
the first body is commonly referred to as ‘numerical sintering’.
el to investigate sub-surface damage due to surface polishing.

dx.doi.org/10.1016/j.triboint.2008.02.018


ARTICLE IN PRESS

Fig. 4. Steps to obtain the numerical sample.
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Then abrasive particles are created between the lower wall and
the first body (Fig. 4c). The domain is compacted once again till
the nominal compressive pressure is reached (Fig. 4d). This last
state defines the initial domain for abrasion study.
2.6. Choice of dimensionless parameters

In a first qualitative study, dimensionless parameters have
been chosen. They allow a direct comparison between the input
parameters.

By taking
ffiffiffiffiffiffiffiffiffiffiffi
M=K

p
as the time scale, the mean particle mass M as

the mass scale and the mean particle radius R as the length scale,
the dimensionless pressure, velocity and adhesion are then
directly linked to the characteristic overlaps:

P̄N ¼
PNR

K
¼

dc

R
¼ d̄c

V̄p ¼
Vp

R

ffiffiffiffiffi
M

K

r
¼

do

R
¼ d̄o

ḡ ¼
g

KR
¼

deq

R
¼ d̄eq (9)

The other dimensionless parameters are

R̄i ¼
Ri

R
; M̄i ¼

Ri

R

� �3

; K̄ ¼ 1 (10)

where Ri and Mi are the radius and the mass of the sphere i,
respectively.

The dimensionless force is given by

F̄ ¼
F

KR
(11)

Some parameters such as the damping coefficient are already
dimensionless.
Please cite this article as: Iordanoff I, et al. A discrete element m
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2.7. Scope and limits of the study

2.7.1. Time

The oscillating period of a non-damped contact is proportional to

T ¼

ffiffiffiffiffi
M

K

r
(12)

where M is the mean mass of the spheres.
The time step dt of the numerical simulation must be a fraction

of T:

dt ¼
1

N

ffiffiffiffiffi
M

K

r
(13)

with N being an integer chosen equal to 10 in the following
simulations.

Dimensionless time step is

dt̄ ¼
1

N
(14)

2.7.2. Overlaps

In order to neglect the granular contact vibration problem with
respect to the macroscopic tribological problem, the contact
oscillation period has to be very small with respect to the time
spent for a sphere to move over distance R at speed Vp:
ffiffiffiffiffi
M

K

r
�

R

Vp
(15)

Condition (15) associated with the expression for dimensionless
velocity V̄p (9) leads to

V̄p ¼ d̄o � 1 (16)

To remain in the realm of non-deformable solid mechanics, the
static overlaps due to pressure and adhesion must remain
negligible compared to the radius of a sphere. This condition is
written as

ḡ ¼ d̄eq � 1 and P̄N ¼ d̄c � 1 (17)

3. Numerical simulation

3.1. Numerical data

The goal of this study is to give some first qualitative results
concerning abrasion process during grinding of silica windows.
A first work is to determine the micro-mechanical properties
of the numerical sample, thanks to macroscopic mechanical
properties.

3.1.1. Contact and joint stiffness evaluation

Once the young modulus E is known, the particle stiffness is
chosen in order to fit the normal stiffness of an elementary
cylinder which diameter is equal to the particle diameter. For this,
let us consider a column of spheres under compression (Fig. 5).

Each sphere is submitted to a normal stress s defined by

s ¼
F

S
¼ E�

DL

L
¼ E� (18)

where DL=L ¼ � can be define as the normal strain for one sphere,
E is the young modulus, and S is the sphere area.

Let us consider that the (n+1) spheres are linked by n springs.
If k is the spring stiffness and F is the compressive force,
the relationship between the compressive force and the total
displacement is

F ¼ Keq � DL ¼
K

n
DL (19)
odel to investigate sub-surface damage due to surface polishing.

dx.doi.org/10.1016/j.triboint.2008.02.018


ARTICLE IN PRESS

Fig. 5. Model for the compression of one column of spheres.
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Dividing by the sphere area S,

F

S
¼

LK

nS
�
DL

L
(20)

This can be written as

s ¼ E� (21)

With L ¼ 2nR and S ¼ (2R)2,

K ¼ 2RE (22)

3.1.2. Dimensionless parameters

With the help of Eqs. (9) and (22), the dimensionless normal
pressure and shear velocities are given by

P̄ ¼
PR

2RE
¼

P

2E
(23)

V̄ ¼ V �

ffiffiffiffiffiffi
2p
3

r
�

ffiffiffi
r
E

r
(24)

with M ¼ r� ð4=3ÞpR3, r is the density of the media.
The yield force is found using Eqs. (11) and (22):

F̄y ¼
Fy

2RE� R
(25)

and Fy=S ¼ sy, where sy is the material yield stress and S ¼ (2R)2

is the projected area for one sphere. Finally,

F̄y ¼
2sy

E
(26)

3.1.3. Dimensionless data

The material considered in this study is SUPRASIL 312. The
mechanical properties of this material are [24]:
Please cite this article as: Iordano
Tribiol Int (2008), doi:10.1016/j.tri
Density (kg/m3)
 2201
Young modulus (N/m2)
 7.25E10
Yield tensile stress (N/m2)
 50E6
ff I, et al. A discrete element mod
boint.2008.02.018
The density of the granular media equals the sphere density
times the volume fraction. The volume fraction of our numerical
sample is 0.65. Then, the sphere density will be taken equal to the
SUPRASIL density divided by 0.65.

The order of magnitude for the shear velocity for surfacing
process is 1 m/s. The order of magnitude for the applied pressure
is 1 kPa [8].

This gives the following dimensionless data for the simula-
tions:

P̄ ¼ 7� 10�9

V̄ ¼ 3� 10�4

F̄rupt ¼ 1:38� 10�3

The simulation requires a high number of iterations: typically
1=V̄ iterations for a tool displacement equals to a sphere radius.
This number is then inversely proportional to the velocity. Then, it
is chosen to increase the shear velocity in order to keep the
condition defined in Eq. (16):

V̄ ¼ 1� 10�2

This value corresponds to a shear velocity equals to 30 m/s.
Detachment rate is also very sensitive to pressure [16]. To

increase this rate and obtain reasonable calculation time, a
pressure equals to 1 MPa is chosen, that gives a dimensionless
pressure equals to 7�10�6.

3.1.4. Abrasive domain

The main effect studied in this preliminary work is abrasive
size and density. The abrasive is obtained, thanks to the
association of spheres. Generally, abrasive particles present
profiles with angularity that cause high local stress and creates
damages. The choice of spheres with little radius is able to create
such effect. In this study, particles from the abrasive and particles
from fused silica have comparable sizes and this effect is not
studied.

Table 1 summarizes the different abrasive size and quantity
used in the simulations. Abrasive shape is a plate formed by an
assembly of four spheres. To study the effect of abrasive particle
size, two sizes are chosen: for ‘little’ abrasive, the sphere diameter
is 2 (same than the mean sphere diameter for the silica); for ‘big’
abrasive, the sphere diameter is 4. To study the effect of the
number of abrasive particle through the contact, two cases are
chosen. For the case called ‘Discrete’, the number of abrasive
particle is chosen in order to separate the silica from the tool by
few abrasive particles. The ‘LayerOf’ case corresponds to a number
of particles that allow one ‘continuous layer of abrasive particle in
the contact. Fig. 6 shows a draw for the initial state of the four
tested configurations.

3.1.5. Re-circulating flow

Once a particle of silica is detached, particles can exit the
contact through the side normal to the shear direction. This case
simulates the contact feeding with new abrasive that contains no
detached particles from silica.

3.2. Numerical results

First the number of detached particles and the number of
broken joint versus time are plotted. Fig. 7 shows two domains. In
the beginning of simulation, all the curves have the same
behavior. In that part, one can think that in all cases, existing
defaults inside the material conduce to the same particle
detachments and broken joints whatever abrasive property is
chosen. The detachment rate and broken joint rate in that part is
el to investigate sub-surface damage due to surface polishing.
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much higher than in the following. In a second part, the
detachment velocity is greatly influence by the size and quantity
of abrasive. The repartition of abrasive on the whole first body
surface decreases the effects of force localization. The higher
detachment velocities are obtained for bigger abrasive particles
and less abrasive density. The case ‘DiscreteBig’ that correspond to
six plates of big particles gives the higher detachment rate. The
number of broken joint seems to be correlated to the number of
detached particles as is confirmed by Fig. 8.

Fig. 8 gives first information on broken joint number necessary
to particle detachment. To obtain a minimum amount of residual
cracks inside the silica, one can think that detachment may occur
with a minimum number of broken joints. The ideal case should
be to break only the joints that lead to detachment. As the mean
number of joint per particle is 5, the ideal ratio between broken
joint Nbj and particle detachment Nd should be 5. This curve does
Table 1
Summary of the abrasive used in simulation

No. of

abrasive

spheres

Size of

spheres

Abrasive morphology

Case ‘DiscreteBig’ 24 4 Plate of four spheres

Case ‘LayerOfLittle’ 156 2 Plate of four spheres

Case ‘DiscreteLittle’ 76 2 Plate of four spheres

Case ‘L.ayerOfbig’ 96 4 Plate of four spheres

Fig. 6. Description of the abra
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not succeed given a clear idea of SSDs because it mixed broken
joints linked to detached particles and broken joint inside the
silica. For this, a local study is necessary.

Fig. 9 allows to define the first body sub-surface and inside this
sub-surface, the damaged part. Curve 1 gives the number of first
body particles by unit of volume through the thickness. When the
first body is not affected by detachment, this number is around
0.15. A number of first body particles that decreases to 0 outlines
that a part of first body particles has been detached. The thickness
of first body affected by detachment is equal to 4 in the presented
case. This part of the first body will be called ‘First Body
Roughness Part’. The other part of the first body (above 4 in that
case) will be called sub-surface. Curve 2 gives the number of
broken joints by unit of volume through the thickness. Most of
broken joint are located in the ‘First Body Roughness Area’. But a
non-negligible number of broken joints have been created
through the sub-surface. The part of the sub-surface where
broken joints have been created will define the SSD thickness. In
the case presented Fig. 9, SSD thickness equals 14. This kind of
curve allows having a local analyze of SSD.

To compare SSD for the different abrasives, local analysis is
conducted for a number of detached particles equals to 150
(Fig. 10). A first important result is to note the linear decrease of
broken joint in the semi-logarithm curves plotted in Fig. 10. This
result is in agreement with recent experimental results published
by the Livermore National Laboratory group in Ref. [9]. This work
used an MRF methods to analyze the evolution of the number of
cracks when going from the surface to the bulk. The effect of
sive used in simulations.
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abrasive size on residual cracks has been experimentally studied.
The number of dark spot analyzed by this group at different
depths can be related to the default (broken joint) in the present
simulation. A second important result is the effect of abrasive size
that seems to be the dominant parameter concerning SSDs. The
number of damages, between the thicknesses 5 and 15 is twice to
10 times higher with bigger abrasive particles. Once again,
qualitatively, this important result is in accordance with the
experimental result published in Ref. [9], where 15mm loose
abrasive creates much more default than the 7mm one.

Finally, detachment rate and SSDs are not completely corre-
lated. As a matter of fact, the density of abrasive seems to be the
dominant parameter for detachment rate while abrasive size is
the dominant parameter for sub-surface damage.
4. Conclusion

SSD is known from the literature to be the main cause of
damages in fused silica optics used in laser mega joule facilities.
One of the possible causes of SSDs is supposed to be surfacing
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processes. These sub-surface damages are difficult to experimen-
tally described and predict. It is proposed to develop a numerical
tool as a help to investigate relationship between SSDs and
abrasion process. A DES has been developed to simulate the silica,
the abrasive particles, the detached particles and the cracks inside
the surfaced silica. Adapted from wear study, this simulation is
developed to investigate SSDs. A first model for silica and abrasive
is proposed. Four different cases of abrasion are presented. They
focus only on abrasive influence: the choice of abrasive to decrease
SSDs is one of the known key parameters. First results shows how
this numerical tool allows obtaining a local analyze of SSD. These
results qualitatively confirm experimental works published in this
domain, in terms of SSD description and abrasive size effect.

This first work shows the interest of the discrete element tool
when creation of a great number of sub-surface micro-crack
formations has to be simulate. This tool must be improved in
mainly three directions:
�
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Model for fused silica: The chosen perfectly brittle joint law
should be improved in order to link micro-mechanical law to
macroscopical fracture theory for brittle materials.
0.18 0.2

Sub
Surface

100% First body

SSD

Roughness

0% First body

yerOfLittle’ at time 3.104.

100

10-1

10-2

10-3

0 5 10 15 20 25
Dimensionless Thickness

1 : Discrete Big
2 : Discrete Little
3 : Layer of Little
4 : Layer of Big

ig. 10. Comparison of SSD at time corresponding to 150 detached particles.

to investigate sub-surface damage due to surface polishing.
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�
 Model for abrasive particles: Different shapes should be
developed. Fixed and loose abrasive should be taken into
account and compared.

�
 Improve calculation speed in order to be able to simulate

abrasion process with mechanical parameters close to the
nominal parameters found in the literature.
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