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Abstract

The distribution and characteristics of surface cracks (i.e., sub-surface damage or scratching) on fused silica formed during grinding/
polishing resulting from the addition of rogue particles in the base slurry has been investigated. Fused silica samples (10 cm diame-
ter x 1 cm thick) were: (1) ground by loose abrasive grinding (alumina particles 9-30 um) on a glass lap with the addition of larger alu-
mina particles at various concentrations with mean sizes ranging from 15 to 30 um, or (2) polished (using 0.5 pm cerium oxide slurry) on
various laps (polyurethane pads or pitch) with the addition of larger rogue particles (diamond (4-45 pm), pitch, dust, or dried Ceria
slurry agglomerates) at various concentrations. For the resulting ground samples, the crack distributions of the as-prepared surfaces were
determined using a polished taper technique. The crack depth was observed to: (1) increase at small concentrations (>10~* fraction) of
rogue particles; and (2) increase with rogue particle concentration to crack depths consistent with that observed when grinding with par-
ticles the size of the rogue particles alone. For the polished samples, which were subsequently etched in HF:NH4F to expose the surface
damage, the resulting scratch properties (type, number density, width, and length) were characterized. The number density of scratches
increased exponentially with the size of the rogue diamond at a fixed rogue diamond concentration suggesting that larger particles are
more likely to lead to scratching. The length of the scratch was found to increase with rogue particle size, increase with lap viscosity, and
decrease with applied load. At high diamond concentrations, the type of scratch transitioned from brittle to ductile and the length of the
scratches dramatically increased and extended to the edge of the optic. The observed trends can be explained semi-quantitatively in terms
of the time needed for a rogue particle to penetrate into a viscoelastic lap. The results of this study provide useful insights and ‘rules-of-
thumb’ relating scratch characteristics observed on surfaces during optical glass fabrication to the characteristics of the rogue particles
causing them and their possible source.

Published by Elsevier B.V.

PACS: 42.86.+b; 81.40.Np; 46.55.+d

Keywords: Fracture; Indentation, microindentation; Optical microscopy; Lasers; Silica; Processing

1. Introduction and digs. During grinding operations, the removal of mate-
rial is governed by the intersection of multiple surface
cracks.

For static indents, the loads needed to initiate fracture

The creation of sub-surface mechanical damage (SSD)
(i.e., surface micro-cracks) can be thought of as the

repeated indentation of mechanically loaded hard indenters
(abrasives) sliding on the surface of a brittle substrate
(workpiece) during various cutting and grinding processes.
These surface cracks are commonly identified as scratches
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(lateral, radial, Hertzian) are finite and can be analytically
expressed in terms of the size of particle for blunt indentors
and material properties for sharp indentors [4]. The critical
load for a sharp indentor to create fracture in fused silica is
~0.02 N [4]. For sliding indents (i.e., leading to scratching),
the types of features (trailing indent cracks, median cracks,
lateral cracks, and plastic deformation/compaction) [4,9,10]
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are a function of the local shape of the particle at contact
(sharp vs blunt) and the applied load. At low loads
(P <0.05N) a plastic trench is formed without fractures.
At intermediate loads (0.1 N < P < 5 N) well defined radial
(or trailing indent) fractures along with lateral cracks are
observed. At higher loads (P >5N), the plastically
deformed track fractures into a rubble-like appearance,
and lateral and trailing indent cracks are less pronounced.

In contrast, the general material removal mechanism
responsible for polishing is less straightforward. Various
mechanisms have been proposed including surface melting
[1], plastic removal or abrasion [2,3], brittle fracture [4,5],
adhesion [6], and chemical [2]. However, the most widely
accepted mechanism involves the removal of material by
a chemical reaction between the polishing particle and
the substrate resulting in molecular level removal [2,5,7,8].

One aspect of the transition from grinding to polishing
can be thought of in terms of the decrease in particle size
of the slurry and the subsequent decrease in the load/parti-
cle. During grinding larger particles are used (greater than
~10 pm), resulting in fewer loaded particles per unit area
between the workpiece and the lap and thus, resulting in
loads/particle that exceed the initiation load for fracture.
During polishing smaller particles are used (less than
3 um), resulting in more loaded particles per unit area
and loads/particle below the fracture initiation load. For
a typical ceria based polishing slurry (0.5 um), assuming
a 0.3 fill fraction at the interface and all the particles are
load bearing, one estimates a load/particle of 10—
107% N. Clearly, the load on an average polishing particle
is many orders of magnitude lower than needed to initiate
fracture. Thus any scratch formed on a polished surface
implies a particle (i.e. a larger (rogue) particle) that is hold-
ing a much higher load than the average particle.

The presence of rogue (i.e. large) particles in the slurry
during grinding or polishing is known to strongly influence
surface properties of the workpiece either in terms of dee-
per damage or isolated scratching [2,4,11]. Several studies
for polishing integrated circuits have investigated the
effects of rogue particles for wafers ground or polished
using chemical mechanical polishing. Basim et al. [12]
spiked colloidal silica slurries with rogue silica particles
and found that scratch densities increased with rogue par-
ticle size and concentration. By characterizing the slurry
size distribution using dynamic light scattering, Basim also
illustrated that rogue particles present even at a very low
concentration (<1 out 100000) can degrade surface quality.
Ahn et al. [11] and Kallingal et al. [13] compared different
colloidal silica and colloidal alumina based slurries of dif-
ferent pH, filtering, or ultrasonic preparation to reduce
micro-scratches; the results were explained in terms of
how the process parameters affect the large particles in
the distribution.

In our previous studies, the characteristics and statistical
distribution of SSD as a function of different grinding pro-
cesses using a polished taper technique have been measured
and analyzed [14-16]. These results suggested that only a

small fraction (1 out of tens of thousands of particles) of
the abrasive particles were participating in the material
removal by comparing the measured crack depth with that
expected from static indentation models. Hence only a
small fraction of the particles were being mechanically
loaded. In the present study, the effects of rogue particle
additions during both grinding and polishing and their
effect on the SSD depth and the characteristics of scratch-
ing have been investigated. Understanding the impact of
the presence of rogue particles during grinding and polish-
ing can ultimately be used to develop finishing processes
resulting in minimal or no SSD. This is important in areas
which require high quality polished brittle surfaces includ-
ing integrated circuits, high strength windows, and optics
for use in high power laser applications [17].

2. Experimental
2.1. Ground samples

Round fused silica samples (10 cm diameter x 1.0 cm
thick) were ground or polished using slurries that were
intentionally contaminated with various concentrations
and sizes of rogue particles. Ground samples were prepared
on a rotary 8" borosilicate glass lap (0.3 psi, 1 h, 15 rpm
lap) using an alumina abrasive particle (Microgrit 9T or
15T) slurry. Rogue particles (Microgrit 15T or 30T) were
added to the base slurry at various concentrations. The
SSD distributions of the as-prepared surfaces were then
determined by: (1) creating a shallow (10-100 um) wedge/
taper on the surface by magneto-rheological finishing; 2)
exposing the SSD by HF/NH,F acid etching; and (3) per-
forming image analysis of the observed cracks from optical
micrographs (Nikon Optiphot, reflectance) taken along the
surface taper (see Fig. 1). Details of this characterization
technique to determine SSD depth and length distributions
are provided elsewhere [14-16]. Photographs of the grind-
ing setup is shown in Fig. 2(a) and the particle size distribu-
tions of the loose abrasives used in the rogue particle
experiments are shown in Fig. 3(a). The matrix of experi-
ments for the ground samples are shown in Table 1.

2.2. Polished samples

The pitch lap was prepared by heating 500 g of Gugolz
73 ground in ~mm sized pieces in an aluminum foil cov-
ered stainless steel container (12 cm diameter x 16 cm) in
a convection oven at 76.7 °C for 60 min. The pitch was stir-
red after 30 min and 50 min. The molten pitch was then
poured immediately after removal from the oven onto a
preheated (76.7 °C) aluminum plate block (20 cm diam)
with tape (3M black duct) wrapped around the edge on a
flat, level surface until the lap formed the desired thickness.
After 10 min, that tape was removed and the groove pat-
tern (3.8 cm triangles with 3 mm wide, 3 mm deep, 60°
V-grooves) was embossed using a rubber mask. The
embossing was accomplished by placing the mask on the
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Fig. 3. (a) Particle size distributions of the Al,O; slurry used in the grinding experiments; and (b) particle size distributions of the cerium oxide slurry and
rogue diamond particles added during the polishing experiments. Data from manufacturer literature.

pitch and rotating the lap upside down on the flat, level
surface for 3 min. The polyurethane lap (Suba 550) was
prepared by adhering the lap material on a glass substrate
and by routing 1 mm grooves in a 10 square pattern. Figs.
2(b) and (c) show photos of the polishing laps.

Polished samples were prepared by first removing all the
pre-existing SSD by ceria polishing on an 8” rotary polisher
using Hastilite PO ceria slurry on a polyurethane pad
(0.3 psi, 15 rpm lap) (Suba 550) or on pitch (Gugolz 73).
The SSD damage removal was verified by HF/NH4F etch-

ing for 30 min and inspecting the surface by optical micros-
copy for any observable surface cracks.

The fused silica samples were then repolished for 1h
with the same polishing slurry contaminated: (1) at various
abrasive sizes of 4, 6, 10, 15, 20 or 45 pm at various concen-
trations using rogue diamond particles (Diamond Innova-
tions DMS Poly 285T) on the polyurethane pad, (2) at
various loads using 6 um diamond on polyurethane pad,
(3) on various laps using the 6 um diamond, (4) at various
temperatures using 6 um diamond on pitch, and (5) with
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Table 2
Summary of results from rogue particle addition during 0.5 CeO, polishing on a polyurethane pad or pitch

Sample Rogue Rogue Rogue particle areal ~ Pressure Temperature Pad Scratch number Average scratch ~ Average scratch ~ Scratch type
particle particle size density material  density length width Brittle Plastic + Brittle Plastic
(nm) (#/cm?) (psi) (°C) (#/cm?) (nm) (nm) (7o) (7o) (%)
(a) (b) <1% +0.1 na <5% (c) £50%(d) £3%  £3% +3%
Pl - - 0 0.3 23.8 PU 0 - - - - -
P2 Diamond 4 5 0.3 23.8 PU 0.5 475 2.1 61 28 11
P3 Diamond 4 50 0.3 23.8 PU 1.6 336 2.1 55 43 2
P4 Diamond 4 500 0.3 23.8 PU 1.0 409 1.8 54 43 3
P5 Diamond 4 5000 0.3 23.8 PU 98 Across optic 10 1 0 99
P6 Diamond 6 50 0.3 23.8 PU 7.2 585 2 96 0 4
P7 Diamond 10 50 0.3 23.8 PU 2.0 867 3.5 44 47 9
P8 Diamond 15 50 0.3 23.8 PU 2.9 839 33 48 24 27
P9 Diamond 20 50 0.3 23.8 PU 25 1310 2.8 56 16 28
P10 Diamond 45 50 0.3 23.8 PU 3000 Across optic 12 0 20 80
P11 Diamond 6 50 0.1 23.8 pitch 3500 13,500 0.7 0 100 0
P12 Diamond 6 50 0.3 23.8 pitch 1.4 2160 5 80 20 0
P13 Diamond 6 50 1.5 23.8 pitch 24 430 1.9 61 18 21
P14 Diamond 6 50 0.3 23.8 1C1000 1.5 1350 1 0 43 57
P15 Diamond 6 50 0.3 27.7 pitch 0.6 1680 5 29 29 41
P16 Diamond 6 50 0.3 31.6 pitch 0.9 1100 3 43 43 14
P17 ASTM Urban 13 10,000 0.3 23.8 pitch 0 - - - - -
dust .

P18 Pitch 20 1600 0.3 23.8 pitch 34 2160 4 29 62 7
P19 Dried ceria 45 3300 0.3 23.8 pitch 7 2539 3 70 30 0

(a) Size distributions for the diamond particles are shown in Fig. 3(b) as reported by manufacturer. (b) Values are approximate and relative assuming all particles are of mean size and only a monolayer
of particles are at interface. (c) A distribution of scratch lengths were measured; the measured scratch length distributions are shown in Fig. 11. (d) A distribution <>>kf crack widths were measured from a
minimum of 20 scratches (typically 50) per sample; typical 1 sigma in the distribution is reported. RT = room temperature, uncontrolled; PU = polyurethane pad; Pitch particle has a large aspect ratio
measured average was 20 pm x 80 um.
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Fig. 4. Microscope images of the trailing indent cracks observed on the ground samples prepared with 15 pm and 30 pm loose abrasives and various
mixtures. The images were taken along the wedge of the sample (i.e. representative of the crack density just below the surface).

significantly even with a small amount of rogue particles
for both the 9 um plus 15 um rogue particles (Fig. 5(a))
and 15 um plus 30 um rogue particles (Fig. 5(c)) series
samples.

The corresponding crack cumulative crack length distri-
bution for the same set of samples is shown in Fig. 5(b) and
(d). From our previous studies [14], the length of the trail-
ing indent fracture was found to be correlated directly to
the size of the abrasive leading to fracture. As shown in
Table 1, the average crack length for the 15 um loose abra-
sive (G2) was 3.8 um and for the 30 um loose abrasive was
15.2 um. Upon examination of Fig. 5(b) and (d), the crack
length distribution shifted to larger values with an increase
in rogue particle concentration and approached that of the
size of the trailing indent crack expected for the rogue par-
ticle itself. This suggests that with increasing rogue particle
concentrations, the rogue particles were participating more
in causing fracture. This is also consistent with the crack
depth distributions data discussed above.

Fig. 6(a) shows a plot of the maximum SSD observed as
a function of the rogue particle concentration. The hori-
zontal dashed lines illustrate the bounds by which the
SSD depth was observed with the base particle slurry alone
and with the rogue particle slurry alone. The measured
SSD depth with the rogue particles are bound by these lim-
its which is not a surprising result. However, it appears that
the SSD depth will start to increase from the depth found
with the base slurry at a fairly low fraction of rogue parti-
cles (<107%) or at an areal density of 10 cm 2. Hence only a
small amount of rogue particles is enough to increase the
SSD. Interestingly, the removal rate also starts to notice-

ably increase with the addition of rogue particles some-
where between 107> and 10~ fraction of rogue particles
and start to approach the removal rate of the rogue particle
alone (see Fig. 6(b)).

3.2. Rogue particles during polishing

Table 2 shows basic experimental parameters and a
summary of the results for the polished samples (P1-
P19). The results include the observed scratch properties
(the number density, average length, average width, and
the percentage of the types of scratches observed). Without
the addition of rogue diamond particles during polishing
(i.e., only using a slurry made from Hastilite PO Cerium
oxide), our polisher was able to repeatably create surfaces
that showed no scratches or digs after etching the sample
(e.g., sample P1). Note that before any of the other polish-
ing samples (P2-P19) were prepared, all the scratches and
digs were removed from each substrate using the same pro-
cedure as noted for P1 (i.e., without rogue particles) to
ensure that the observed scratches were caused by the
rogue particles that were added to the slurry.

The various types of scratches that were observed as a
result of the addition of rogue particles are shown in
Fig. 7. These scratches can be divided into three basic cat-
egories: (1) Plastic which are scratches that show no brittle
fracture but just plastic modification to the surface (often
referred to as sleeks); (2) Brittle which are scratches that
have only cracks (trailing indent or lateral); and (3) Mixed
which are scratches that contain both plastic modification
and cracks. The scratches can then be further categorized
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Fig. 5. (a) SSD depth distribution and (b) crack length distribution of the fused silica surface after loose abrasive grinding with 9 um, 15 pm, and 9 um
contaminated with 15 um alumina particles; (c) SSD depth distribution and (d) crack length distribution of the fused silica surface after loose abrasive
grinding using 15 pm, 30 pm, and 15 pm contaminated with 30 um alumina particles. The lines are curve fits using the model described in Ref. [14].

by the types of cracks (lateral or trailing indent). Plastic
type scratches would be expected from sharp indenters
where the local pressure exceeds the yield stress at the con-
tact zone. Purely brittle type scratches would be expected
from blunt type indenters. Scanning electron microscope
images of the diamond rogue particles ranging from 4 to
45 um are shown in Fig. 8, which show that the diamond
particles have both a blunt and sharp character to them;
thus, it is not surprising that both plastic and brittle
scratches were observed.

The scratch dimensions (length, width) and the scratch
number density as functions of rogue particle size and rogue
particle diamond concentration are summarized in Fig. 9(a)—
(d). The scratch number density was found to increase expo-
nentially with rogue particle size at a fixed rogue particle
number concentration (see Fig. 9(a)). This suggests that
the larger the rogue particle, the greater the probability or
the more efficient it is in causing scratches. The magnitude
of the difference in scratch number density with particle size
is also illustrated in the microscope images shown in Fig. 10.
Interestingly, the scratch number density was much less

sensitive to the rogue particle concentration. For most of
the rogue particle concentrations examined (5-500 cm™?)
the scratch concentration did not change by more than a
factor of 5. However, at very high rogue particle concentra-
tion (5000 cm~?), the plastic scratch number density
increased by a factor of 1000 (see Fig. 9(b)).

The width and the length of the scratches were both
observed to increase with rogue particle size and were rel-
atively insensitive to rogue particle concentration except
at very high rogue particle concentration (Fig. 9(c)—(d)).
The width increase is attributed to the larger contact zone
expected with larger rogue particles; the width of the
scratch was nominally 15-30% of the mean diamond diam-
eter added to the slurry. The scratch length was also noted
to increase with diamond particle size in the range of
4-20 pm (Fig. 9(c)). Fig. 11(a) illustrates this trend more
definitively by plotting the cumulative scratch length distri-
bution observed for various rogue diamond particles. A
similar plot (Fig. 11(b)) shows the effect of pitch tempera-
ture on the scratch length distribution, whose results will
be discussed in more detail in the Section 4.
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Rogue particles of different material types were shown
to cause scratches. Whether the rogue particles were dia-
mond (P12), pitch particles (P18), or dried ceria agglomer-
ates (P19), scratches were created (see Table 2). The only
exception was organic urban dust (P17) which did not lead
to any measurable SSD. Pitch particles and dried ceria
agglomerates are common sources of rogue particles dur-
ing polishing, and these results confirm that cleanliness
and the elimination of pitch particle sources and dried
slurry around the polisher are critical to obtain scratch-free
surfaces.

4. Discussion
4.1. Rogue particles during grinding and loadlparticle

The change in the SSD depth distribution with the addi-
tion of rogue particles during grinding can be rationalized
in terms of the change in the particle size distribution which
leads to a change in the load distribution of particles in

contact with the workpiece. In our previous study [14], a
brittle fracture model was used to describe how the particle
size distribution of the grinding particles leads to the crack
depth and length distributions. Some of the key features of
the model include: (1) only the larger particles in the distri-
bution are loaded and lead to fractures; and (2) the load on
a given particle scales linearly with the size of the particle.
Using this brittle fracture model as a basis, one can gain
insight to the behavior observed when two particle size dis-
tributions are mixed. For this analysis, assume that the par-
ticles (both the base and the rogue) have a log-normal
distribution (g(d)) in the form:

(d) 1 7(1;1(51)71;12((/5))2 (1)
= ——FFFFC 2Ing s
& dv2nlno

where d is the size of the particle, ¢ is a parameter that de-
scribes the width of the distribution, and d, is the mean par-
ticle size. When the two particles distributions are mixed,
the resulting distribution (g(d)) is simply the geometric
sum of the two given by:

g(d) = (1 = x,)gy(d) + x:g,(d), 2)

where gi,(d) is the base particle size distribution, g,(d) is the
rogue particle size distribution, and x, is the number frac-
tion of particles from the rogue particle size distribution.
Then the fraction of particles being loaded and resulting
in SSD is given by:

dmz\x
fload = / g,(d)ad, (3)
d,

min

where d,,;, is the minimum particle size that is mechanically
loaded and participates in the fracture and d,,.y is the larg-
est particle size in the distribution. For simplicity, assume
that the fraction of particles being loaded is the same
regardless of the mixture of the two distributions. Knowing
fioad, One can determine d,,;, numerically; in order words,
one now knows the distribution of loaded particles.

Using an analysis utilized in the previously described
model [14], the loaded particle distribution can be then
converted to a fractional distribution of crack depths
(fo(¢)) and cumulative obscuration or crack density depth
distribution (O(c)), which are given by:

file) = g (d) o @
o) = [ fichwnL(c)de. (5)

c

Substituting values for dd/0c and L(c) as derived in the pre-
vious study as:

od 3 (KN,
2 = 4 /{hTT c > (6)
1/2 1/3
L(c) _ E (KICNLdg) / 2kPT 03/4 (7)
2\ yPr 3EN . d}
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fracture fracture

Fig. 7. Categories of different type of scratches observed in samples P1-P19.

4 um diamond 6 um diamond 10 um diamond

Fig. 8. SEM images of diamond particles used as the rogue particles for samples P2-P10.

and simplifying, the following expression for the crack [ 12
depth distribution is obtained: O(c) = & (d)eQde, ®)
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2.

Fig. 10. (a) Typical scratch observed on a polished surface upon addition of 10 pm diamond particles (P2) (b) Typical scratches observed on a polished
surface upon the addition of 45 pm diamond particles (P10). The horizontal full scale on each image is 237 pm.

where Q is:

N 3TCKICWVZ NLdg 2/3 2_k 1/3 (9)
Q - 8Xh PT 3E ’

where K| is the fracture toughness of the substrate, Ny is
the number of abrasive particles being loaded, d, is the
mean abrasive particle size, y;, is the Hertzian indent crack
growth constant, Py is the applied load, w is the width of
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the crack on surface, n is the number density of cracks on
the surface, and k is material constant related to the mod-
ulus and Poisson’s ratio of the substrate and indenter.

Using Egs. (1)—(3), the loaded distribution of particles as
a function of rogue particle concentration has been calcu-
lated. By taking the simple case where the fraction of par-
ticles being loaded (f; ~ 0.01), the number density of
cracks on the surface (n~ 0.05um™2), and the load for
the average loaded particle (Pt/Np ~ 0.25N) do not
change with the addition of rogue particles, we can esti-
mate the SSD depth predicted by Egs. (1)—(9). The calcu-
lated SSD is reported in Fig. 6(a) by the solid line. The
assumptions described above are likely an oversimplifica-
tion of the real system. However, this simple model predicts
SSD depths that are consistent with measured data as a
function of the rogue particle concentration. This model
can be used to estimate the SSD depth in the presence of
rogue particles or as a method to estimate the size or con-
centration of rogue particles based on an observed change
in SSD depth distribution.

2033
4.2. Scratch characteristics and viscoelastic model

During an ideal polishing process (as opposed to grind-
ing), material removal occurs chemically at the molecular
level rather than by mechanical fracture [2]. During polish-
ing, the nominal load per polishing particle is quite low
(107°-107° N), well below that needed to initiate fracture
[2]. However, when rogue particles are present during pol-
ishing, the mechanical load on the rogue particle can be
orders of magnitude higher, resulting in a rogue particle-
induced fracture (i.e., scratching). Loads on the order of
0.001 N for plastic and 0.1 N for brittle fracture initiation
are needed [4,9]. The addition of rogue diamond particles
lead to surface scratches whose width, length and number
density depend on the size and concentration of the rogue
particles added.

As discussed in Section 3.2, there are three major trends
that were observed: (1) the propensity of rogue particles to
lead to scratches is strongly dependent on the size of the
rogue particle and weakly dependent on the concentration;
(2) the length and width of the scratches both increase with
the size of the rogue particle and are essentially indepen-
dent of concentration; (3) at the highest rogue diamond size
(45 pm) and at the very high rogue diamond concentrations
for the 4 pm diamond, the number density of scratches
increases by orders of magnitude, the scratch lengths are
the length of the optic (quasi infinite), and the nature of
the scratches were all plastic in nature. The discussion
below describes a model to explain the Ilatter two
observations.

The mean scratch lengths increased from ~330 to
~1300 um with rogue particle size (see Table 2 and
Fig. 11). For these samples, the scratch number densities
were ~2-25cm 2 or nominally 150-2000 total scratches
on a 100 mm diameter round substrate. The average rela-
tive velocity of the particle relative to the optic has been
determined as 80 cm/s. Hence, for the length of scratches
observed, the time that each of the rogue particles were
loaded ranged between 0.3 and 1.6 ms. If we assume that
the scratches were created randomly during the time of pol-
ishing of an hour, then a scratch is created on average every
1.8-24 s. The conclusion here is that the scratching process
occurs sporadically.

A longer scratch length suggests that rogue particle
loads to the surface of the workpiece for a longer period
of time, assuming a constant relative rogue particle veloc-
ity. In the discussion below, a mechanism is proposed by
which the time for a rogue particle being loaded is gov-
erned by the size of the rogue particle and the viscoelastic
properties of the lap. Fig. 12 shows a schematic of the pro-
posed mechanism. At some arbitrary time zero, a rogue
particle finds its way at the interface between the optic
and the lap. Due to the large size of the rogue particle, it
will bear a much higher load (P > 0.001 N) than the aver-
age particle on the lap; this load is sufficient to initiate a
brittle fracture or plastic deformation on the optic. While
loaded and static relative to the lap, the rogue particle will
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Fig. 12. Schematic of proposed mechanism for explaining the length of a
scratch by a rogue particle on a viscoelastic lap.

penetrate into the viscoelastic lap until: (1) the gap between
the lap and optic is reduced to that of the polishing ceria
particle (0.5 um), thus dropping the load on the rogue par-
ticle to match that of the average ceria particle and ending
the scratch (Fig. 12(b)), or (2) the maximum elastic pene-
tration has been reached (function of the elastic modulus
of the lap) resulting in incomplete rogue particle penetra-
tion, little drop in load on the rogue particles, and indefi-
nite scratch lengths (across the length of the optic).

To examine this mechanism more quantitatively, con-
sider a hard spherical abrasive under a quasi-static load
(Fig. 13(a)). Using an approach Lee and Radock [19] which
expanded the original Hertz elastic contact [20] to a simple
linear viscoelastic substrate, the governing force balance
equation is given by

de P
ELap8 + nLap a = (10)

na?’

where P is the applied load on the spherical particle, a is the
contact zone radius, and ¢ is resulting strain. The viscoelas-
tic properties of the lap are described by the elastic modu-
lus (Epap) and viscosity (1.ap). For a given applied pressure
(term on right hand side of Eq. (1)), there is an elastic limit
response (first term on left hand side) and a time dependent
response (second term on left hand side).

One problem becomes immediately evident: most for-
mulations are for small strain (i.e., small radius of contact
compared to the radius of the particle). However, in this
study we are interested in large strain. This problem has
been noted by, for example, Kumar and Narasimhan
[20]. The solution to this is to consider the shear strain so
the strain variable is not @/R but

a
Elastic spherical
indentor
% (R%-a?)"?
a
h* . .
Viscoelastic
substrate
P

Elastic spherical
indentor

Viscoelastic
substrate

Fig. 13. Schematic illustrating the penetration of a hard spherical particle
into a viscoelastic substrate (a) without surface displacement and (b) with
surface displacement.

a
VR — &2’

where R is the radius of the particle and 0 is the angle be-
tween the contact zone edge and vertical plane running
through the center of the particle. Combining Egs. (10)
and (11) and rewriting gives:

0¢  Ep, P 1+ ¢
L ( +28> (12)
ot nLap TR nLap ¢

¢ =tan(0) =

(11)

It is convenient to rewrite Eq. (12) using:

r=¢ = m, (13a)
= 3’2:;’ (13b)
which results in:

Ot 3Py e (14)

oa v nR211Lap

Eq. (14) can be solved numerically and using Egs. (13a&Db),
the contact zone as a function of time («a(t)) can be solved.

However, the key parameter needed is the total penetra-
tion as a function of time. The penetration in reality has
two components. The first component is the penetration
depth (%*) due to the contact zone and the geometry of
the particle (see Fig. 13(a)) with the result:

VR - a2 (15)

h=R-—
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The second component is due to the fact that the baseline
surface is also displaced away from the contact zone (see
Fig. 13(b)). Hunter [21] and Ting [22] have shown ap-
proaches to account for the surface displacement. Ting’s
approach provides an analytical expression for the total
displacement in terms of the contact zone radius and can
be applied to high strain which is given by:

a(t) R+a(1)
5 In (R—a(t)) - (R -

sin~! 0]
(ain (17) —20) "4

Rz—rz) for r < a
h(r,t) =

where r is radial distance away from the center of the
particle.

Now consider a rogue particle penetrating into the lap
as described in Fig. 13. The particle would penetrate until
the load subsides in the part and has essentially penetrated
a distance:

hy = 2(R — Rpase)- (17)

Hence a 4 um rogue particle will at most penetrate 3.5 um,
because the diameter of the Ceria slurry is 0.5 pm. The
total penetration as a function of time can now be calcu-
lated using Egs. (13a), (14) and (16). Using the known
properties of the polyurethane pad (£ =100 MPa;
n =9 x 107 Poise) [23], and assuming a load of 1 N (in
the range needed to cause brittle scratches), the penetration
of the rogue particle as a function of time was calculated
for samples P3, and P6-P9. The results are shown in
Fig. 14(a). The model predicts penetration times that are
longer for larger rogue particles. For the rogue particles
in the range 4-20 pm penetration times of 1-5 ms are calcu-
lated. Both of the above results are consistent with the
experimental data.

Notice in Fig. 14(b) that the 45 um particle does not
completely penetrate at low loads. It is useful to consider
a figure-of-merit (FOM) which would determine if a spher-
ical particle would reach an equilibrium depth or penetrate
the diameter of the rogue particle. Consider the case where
the particle reaches equilibrium, the strain rate in Egs. (12)
or (14) goes to zero. Rewriting gives an expression for the
equilibrium strain (e,,) as

e P
146 nRE’

(18)

Rewriting Eq. (11) gives an expression for the equilibrium
contact zone .,

oo &2
R\ T+ (19)

Similarly, the equilibrium penetration (%.,) can then be
determined in terms of a,, using Eq. (16) evaluated at
r=0:

rza(t)21n<R+”(')#\/—RZln<V ey \/—> for r > a,

h a 14 %=
ﬁ_mln( > (20)
R 2R I —%

By combining Eq. (18)—(20), the equilibrium penetration is
solely dependent on the stress parameter (¢ = — E) on the
right hand side of Eq. (18). Fig. 15(a) shows a plot of equi-
librium strain (e,,), normalized equilibrium contact zone

(16)
Vi

(as/R), and the normalized equilibrium penetration (/../
R) as a function of stress parameter («) calculated using
Egs. (18)—(20). This set of global curves shows the equilib-
rium condition at long times. For the specific case of the
rogue particles, the rogue particle will bear the large load
until it penetrates roughly the diameter of the particle. In
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Fig. 14. (a) Calculated depth of particle penetration using Egs. (10)-(12),
(13a), (13b), (14) as a function of time for different size rogue
diamond particles at a load of I N. (b) Calculated depth of particle
penetration using Egs. (10)—(12), (13a), (13b), (14)—(17) as a function of
time for different loads.
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other words, this is until 4#/R ~ 2 (for cases where the rogue
particle radius > base particle radius). This point is
reached when the stress parameter reaches a value of
3.64. Hence for values of the load parameter greater than
3.64, the particle will reach its maximum penetration; for
values of o <3.64, an equilibrium penetration will be
reached before full penetration of the particle. In the latter
case, the scratch length will always be infinite. Another
interesting point is that at an o of 3.64, the strain will be
3.88 and the normalized contact zone will be 0.97.

The analysis described above can be used to establish a
more simple, time dependent solution for the case of the
rogue particle. Rewriting Eq. (14) in terms of 7 and « one
finds
L L%y, (21)
a 1 .

The solution to Eq. (21), evaluated at the maximum strain
of 3.88 is shown in Fig. 15b. This plot which is portrayed as
normalized time vs load parameter is a global plot to deter-

mine the time of penetration of a rogue particle for given
load, particle size, and lap properties (viscosity, modulus).
When o is increased (higher loads and/or smaller particles),
the time for penetration decreases. Although this plot was
determined numerically, this global plot can be described

analytically by the following simple expression:
log(taz) = — log(a) + 0.93, (22a)

for values of o greater than 4. Rewriting in terms of scratch
length and material parameters gives

NPNOTLS
<Ls> =89 P

(22b)

where (v) is the average relative velocity of the particle rel-
ative to the optic surface. Using Eq. (22b) or by performing
the numerical calculation of Egs. (18)—(20), the crack
lengths were calculated at loads of 1 N and 5N (in the
range needed to cause scratches) and compared to the mea-
sured scratch lengths in Fig. 16 as a function of rogue par-
ticle size. The bars in the measured data represent 80%
of the distribution of scratch lengths observed. Note that
the data is bound within the load range of 1-5 N. Also,
the stress parameter value of 3.64 is reached at a nominal
size of 30 um for a load of 1 N. Above this size, the model
predicts infinitely long scratches (i.e. scratch lengths
extending to the edge of the workpiece); again consistent
with the experimental data where the 45 um particles led
to infinitely long scratches. Eq. (22b) serves as a simple
expression that can be used to determine the length of
the scratch based on the size of the rogue particle, load,
kinematic and material properties of the lap.

The validity of the viscoelastic mechanism for explaining
scratch length can be examined semi-quantitatively by plot-
ting the scratch length not only as a function of rogue par-
ticle size, but as a function of a number of other parameters
such as lap viscosity (determined either by temperature or
lap material used) or and applied pressure. These results
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Fig. 16. Average scratch length measured as a function of rogue particle
size (same data shown in Fig. 9(c)) compared with the simple viscoelastic
model at two different loads of 1 N and 5 N. Note the bars on the data
point represent the 80% of the distribution of scratch lengths observed.
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applied pressure (P11-13); lap material (P12,P15-P16); Lap (pitch)
temperature (P11-P13).

are summarized in Fig. 17 and in Table 2. In the case for
the lap material (Suba 550, IC1000, or Pitch), the scratch
length was observed to increase with increase in lap viscos-
ity. Also, the temperature of the lap influenced the scratch
length. As the temperature was increased, the lap viscosity
decreased and scratch length decreased. Finally, as the
applied pressure was increased, the scratch length was
found to decrease. All of these trends are consistent with
the viscoelastic mechanism for explaining scratch lengths.

5. Conclusions

The distribution and characteristics of surface cracking
(i.e., sub-surface damage or SSD) formed during grinding
and polishing fused silica glass in the presence of rogue par-
ticles (i.e. larger particles than the mean size of the nominal
grinding/polishing media) was investigated. The addition
of rogue particles during grinding revealed that a small
amount of rogue particles (>10~* rogue fraction) is enough
to noticeably increase both the SSD depth and the removal
rate. The addition of rogue particles during polishing
revealed that: (1) the efficiency by which rogue particles
can lead to scratching is strongly dependent on the size
of the rogue particle and weakly dependent on the concen-
tration for most of the rogue concentrations; (2) the length
and width of the scratches both increase with the size of the

rogue particle and are essentially independent of the rogue
particle concentration; (3) at the highest rogue particle size
(45 um) and at the very high rogue concentrations for the
4 pm diamond, the number density of scratches increases
by orders of magnitude, the scratch lengths are the length
of the optic (quasi infinite) and the nature of the scratches
are all plastic in nature. The latter two effects are well
described using a simple model which relies on the time
needed for rogue particle penetration into a viscoelastic
lap. A simple relation resulting from the model (Eq.
(22b)) allows one to estimate the scratch length based on
the viscoelastic properties of the lap and size of the rogue
particle.
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