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The nanomechanical deformations on a broad range of optical material surfaces [single crystals of
ALO;s (sapphire), SiC, Y3Als012 (YAG), CaF», and LiB3Os (LBO); a Si02-Al,03-P20s5-LixO glass
ceramic (Zerodur); and glasses of Si02:TiO2 (ULE), SiO: (fused silica), and P2Os-Al,03-K>,0-BaO
(Phosphate)] near the elastic-plastic load boundary have been measured by nanoindentation and
nanoscratching to mimic the nanoplastic removal caused by a single slurry particle during
polishing. Nanoindenation in air was performed to determine the workpiece hardness at various
loads using a commercial nanoindenter with a Berkovick tip. Similarly, an atomic force
microscope (AFM) with a stiff diamond coated tip (150 nm radius) was used to produce
nanoplastic scratches in air and aqueous environments over a range of applied loads (~20 — 170
uN). The resulting nanoplastic deformation of the nanoscratches were used to calculate the
removal function (i.e., depth per pass) which ranged from 0.18 nm to 3.6 nm per pass for these
materials. A linear correlation between the nanoplastic removal function and the polishing rate
(using a fixed polishing process with colloidal silica slurry on a polyurethane pad) of these
materials was observed implying that: 1) the polishing mechanism using colloidal silica slurry can
be dominated by mechanical rather than chemical interactions; and 2) the nanoplastic removal
function, as opposed to interface particle interactions, is the controlling factor for the polishing
material removal rate. Furthermore, this correlation is consistent with the Ensemble Hertzian

Multi-Gap (EHMG) microscopic material removal rate model described previously. The
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nanoplastic removal depth was also found to correlate to the measured nanoindentation hardness
(Hy) of the optical material, scaling as H;>>. Two dimensional (2D) finite element analysis
simulations of nanoindentation showed a similar nonlinear dependence of plastic deformation with
the workpiece material hardness. The findings of this study are used to determine an effective
Preston coefficient for the material removal rate expression and enhance the predictive nature of

the nanoplastic polishing rate for various materials utilizing their material properties.

1. Introduction
In recent years, there have been a number of studies aimed at developing a greater scientific
understanding of material removal mechanisms during polishing for predicting the key parameters
of optical fabrication (including surface figure, surface roughness, surface quality and material
removal rate). Such predictive tools would aid in achieving a more deterministic fabrication
process and improve optic quality (see for example!'™). Historically, the macroscopic Preston

equation has been used to describe the material removal rate, dh/dt, as: >

dh
- k,o,V, (1)

where £, is the Preston coefficient, o is the applied pressure, and V; is the average relative velocity
ofthe polishing particle to the workpiece. However, this macroscopic form of the Preston equation
is insufficient to describe the influence of important process variables such as abrasive size,
particle size distribution (PSD), load, slurry concentration and pad topography. Recently, a
microscopic form of the Preston equation has been formulated, based on the Hertzian mechanics,
called the Ensemble Hertzian Multi-Gap (EHMG) model. This model accounts for material

removal by considering the interaction of individual particles with the workpiece surface as it
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undergoes either nanoplastic (mechanical) or chemically mediated (reaction) removal. These

interactions can be summarized as: > °

dh — A = A
EthﬂfAfLI/r< pdpzap+fmdm2am) (2)

where N; is the areal number density of particles at the workpiece-pad interface, f- is the fraction
of active particles in the PSD, f;is the fraction of pad area making contact with workpiece, f; is
the fraction of applied load carried by particles, f, is the fraction of active particles that result in
nanoplastic removal, V. (length/time) is the relative velocity of the polishing particle to the
workpiece, d, (length) is the average removal depth per pass of a particle by the nanoplastic
mechanism, a, is the average contact zone radius of particles that result in nanoplastic removal,
fw is the fraction of active particles that result in a chemical reaction, d is the average removal
depth associated with a chemical reaction, and a, is the average contact zone radius of particles
that result in a chemical reaction. If polishing is dominated by the nanoplastic mechanism, the first
term within the parenthesis will dominate. Similarly, if removal is dominated by the chemical
reactions, the second term in the parenthesis will dominate. The term N, f. f4 f7 represents contact
mechanics associated with the ensemble of particles at the workpiece-lap interface and is
influenced by factors such as the slurry PSD, as well as the mechanical and topographical

properties of the pad.*®

To understand, and therefore predict, the material removal rate during polishing for various
materials using Equation (2), one needs to determine both the chemical (d,») and nanoplastic
mechanical (d,) removal due to individual particles under the relevant load conditions. In a
companion study, the mechanism of chemical removal and quantitative scaling trends using the

partial charge difference between the workpiece and slurry particle are described.” In the present
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study, we focus on measuring and determining the nanoplastic material removal amount (d,) for
various optical materials and correlating it both to their polishing behavior and mechanical
properties. Previously, we demonstrated that nanoscratching with diamond coated AFM tips in the
load range relevant to polishing is a representative method to study the interaction between slurry
particles and the workpiece, especially in the plastic deformation regime with little or no chemical
interaction.® ® Although diamond AFM tips are very different from polishing particles in
composition, they are used to create mechanical deformation to study material properties. The
following study serves to develop a more detailed understanding of polishing via nanoplastic
removal and to provide a more predictive determination of the macroscopic Preston constant as a

function of workpiece material properties.

2. Experimental

2.1 Sample preparation

Nine different optical workpiece materials were evaluated: single crystal AlO3 (Sapphire) (a-
plane, Coastline Optics, Camarillo, CA), single crystal SiC (silicon carbide) (SiC-6H 0001, MTI
Corporation, Richmond, CA), single crystal Y3AlsO012 (YAG) (Northrop Grumman/Synoptics,
Charlotte, NC), single crystal CaF> (111 orientation, ISP Optics, Irvington, NY), single crystal
LiB30Os (LBO) (2w doubler cut, Coherent Crystal, New Jersey), SiO2-Al,03-P>05-LiO glass
ceramic (Zerodur) (Schott, Duryea, PA), SiO; glass (Fused Silica) (Corning 7980, Corning Inc.,
Corning, NY), Si02:TiO; glass (ULE) (Corning Inc., Corning, NY), and P,0s5-ALO3-K,0-BaO
glass (Phosphate glass) (LHG-8, Hoya Corporation, Milpitas, CA). These materials were polished

following the Convergent Polishing method using a colloidal silica polishing slurry (Ultra-Sol®
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S27, Eminess Technologies, Scotsdale, AZ) at a 0.6 ml/min slurry feed rate (single pass) for 8
hours with 1.1 psi applied pressure, and matched 20 rpm optic and lap rotation rates."’ The
removal rate was determined gravimetrically. A new polyurethane polishing pad (MHN; Rohm &

Hass, Phoenix, AZ) was used for each change in workpiece material.

2.2 Surface characterization

2.2.1 Nanoindentation

The nanomechanical properties of the materials, such as nanohardness, were obtained using a
commercial nanoindenter (MTS Nanoindenter XP, Keysight, Santa Rosa CA). A Berkovich
nanoindenter tip with a ~20 nm tip radius was used with a single loading-holding-unloading cycle
at a constant surface approach velocity of 10 nm/s to obtain the load-displacement response. The
measurements were repeated in triplicate at various loads ranging from 0.1 mN to 100 mN for each
material. The tip contact area was calibrated using a fused quartz standard as a function of the

applied load.

2.2.2 Nanoscratching

An atomic force microscope (AFM) system (Dimension 3100, Brucker Corporation, CA) was used
to perform nanoscratching on polished optical samples. A fluid cell (DTFML-DD-HE-V2; Bruker
Corporation, CA) specifically designed for the Dimension AFMs was used to facilitate
nanoscratching in water in order to mimic the aqueous slurry polishing condition. The fluid cell
was mounted directly on the AFM scan head and accommodated the diamond coated
nanoscratching tip. The procedure started in regular tapping mode during the initial approach of

the tip to the sample surface. Once the surface was located, deionized water was introduced
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gradually to the gap between the fluid cell and sample while adjusting instrument parameters to
compensate for any change caused by the liquid. Water eventually wicked up to the side of the cell
forming a droplet roughly 2 cm in diameter, completely submerging the AFM probe and a region
on the sample where nanoscratches were produced. The instrument was then switched to force
mode where nanoscratching parameters such as normal load, lateral speed, scratch angle and length
could be defined. During nanoscratching, the AFM probe cantilever oscillation was turned off and
the probe tip was loaded onto the surface until the desired load was reached. The tip was then
moved laterally by the piezoelectric actuator for a specified length of 10 um at a rate of 0.3 mm/sec
with a tip rotation of 12 degrees with respect to the nanoscratching direction. For the experimental
results presented in this paper, only the normal load was varied for nanoscratching and all other
parameters were kept constant for simplicity and consistency. The normal load (P) of a nanoscratch
was determined by the spring constant (ks,) of the AFM probe used and the tip displacement (Az)
according to Hook’s law, P = kgyAz. Further details of the AFM nanoscratching technique are

described elsewhere.® Similar nanoscratching measurements were also made in air without the use

of the fluid cell.

Depending on sample hardness and the target load range, different AFM probes can be used for
nanoscratching. In this study, the DDESP probes (Bruker Corporation, CA) were selected for a
load range up to ~200 puN. This probe has a hardened diamond coating on the tip and a stainless-
steel cantilever with a typical spring constant of ~80 N/m. The typical radius of such tips is ~150
nm. Normally, each diamond probe was used multiple times to generate several tens of
nanoscratches on the samples. A force calibration on a sapphire test sample was performed prior
to each nanoscratching study to produce the deflection sensitivity curve used to estimate the tip

displacement (Az) and normal load (P). To address the concern of potential tip wearing causing
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changes to the tip radius, an SEM image of a brand new DDESP probe was compared with that of
a probe that had been used to create ~100 nanoscratches. There was no observable change in the
tip radius. To ensure accurate and consistent characterization of the nanoscratches, TESP AFM
probes (Bruker Corporation, CA) with a typical ~8 nm tip radius were used for all surface
morphology measurements. The condition of the AFM probe tips was checked using a rough
calibration standard (Bruker Corporation, CA) before each scan to ensure the fidelity of the

measurements.

The amount of material removed from nanoscratching was examined by measuring the effective
removal depth (d,) defined as the cross-sectional area of the nanoscratch (4,) normalized to its

width (w)) at the nanoscratch baseline surface, and the number of pass (n) which is 1 for this study,

Ap

dp = n_Wp (3)

Since we are using the nanoscratch cross-sectional area, the shape of the nanoscratch does not
factor in the calculation of the effective removal depth per pass. d, from the resulting nanoscratch
AFM surface data was determined using the following algorithm to ensure consistent and accurate
depth measurements. First, the longer scale surface figure of the AFM image was removed to
flatten the baseline polished surface. Then, a single cross-sectional lineout was determined from
averaging multiple cross-sectional lineouts along the nanoscratch to reduce the noise. Note that
special care is taken to align the centers of each nanoscratch lineout due to nanoscratch propagation
not perfectly lining up perpendicular to the cross-sectional lineout. This algorithm substantially
reduces the noise in the data caused by the surface roughness and allows for measurement of very
small (sub-Angstrom) effective removal depths.

2.3 Finite element analysis of nanoindentation
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Finite element structural analysis (FEA) of the elastic and plastic deformation expected from
nanoindentation was conducted using a commercially available package (Comsol Multiphysics,
MA). The model consisted of a two-dimensional ideal circular indenter (radius 1 pm) normally
loaded on a flat bulk material surface. The material plasticity was determined by a yield function
using an elastic modulus and yield stress, where plastic deformation occurs when the von Mises
stress exceeds the yield stress assuming there is no material hardening. Simulations were carried
out by controlling the indenter displacement, and then characterizing the applied load as well as
the workpiece material deformation and stress. For each indenter displacement, the load is
calculated from the integrated stress on the surface. From the load-displacement curve (for both
loading and unloading) for each nanoindentation simulation, the maximum load (Pua), total
(elastic and plastic) displacement, and the final, unloaded plastic-only displacement were

determined.

The effective hardness of the material was determined for a given input yield stress by determining
the applied load at which the plastic displacement went to zero. Since that actual hardness depends
on the measurement technique, the hardness value calculated from the numerical simulation for
eachyield stress was scaled to the known Knoop hardness value for fused silica. This allows direct
comparison of the hardness values between the FEA simulation results and the experimental

measurements.

3. Results
AFM images of nanoscratches on each of the 9 optical material surfaces created in an aqueous
environment at loads ranging from 20 uN to 170 uN are shown in Figure 1. Linear tracks, resulting

from sliding the diamond coated AFM tip in the direction from top-to-bottom in the images, are
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visible for all the workpieces with varying depths. Note some debris from sample preparation are

visible on some of the workpiece surfaces.

Using the algorithm described in Experimental section to minimize error due to these measured
random surface morphology variations, the average cross-sectional lineouts for each of the
nanoscratches for all the tested materials and loads are shown in Figure 2(a). Pile up material (i.e.,
collection of plastically deformed material present above the baseline surface on either side of the
nanoplastic removal trench) is evident on many of the materials. Note, as per Equation (3), the

effective removal depth was estimated using only the central trench area of the nanoscratch.

The corresponding effective removal depths determined using Equation (3) for each material as a
function of the applied load are summarized in Figure 2(b). The removal depths are significantly
different across the materials used in this study with the effective nanoscratch depth for phosphate
glass (dp = 3.6 nm) an order of magnitude higher than materials such as sapphire (d, = 0.18 nm).
For the load range explored here, the load dependence of d, was very weak for all the materials,
similar to previous observations.®® At higher loads beyond that measured in this study, it is known

that the degree of plastic deformation will increase, such as observed for fused silica.’

Figure 3 shows the nanoindentation results for the same nine optical materials, plotted in terms of
the load-displacement curves during loading and unloading. From this data, the nanohardness (H)

was calculated using the expression

Pmax
H, = Pnex ©

and summarized in Figure 4.'° P, is the maximum indentation load and 4 is the area (or tip)

function calibrated experimentally for the nanoindenter tip used on a quartz standard then fitted to
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a sixth order polynomial of the indentation depth. As observed previously in other materials, the
hardness is experimentally observed to be higher at smaller indentation length scales or loads,
referred to as the indentation size effect.!!> 12 The indentation size effect has been a phenomenon
of much study and various mechanisms have been proposed including experimental errors in the
size of the indenter tip, increasing perfection of materials as the interaction volume is reduced, and
the scale of microstructural features compared to the interaction volume (for example see '!-19).

Note for the materials evaluated here, the rank order of the hardness did not change from low loads

to high loads.

4. Discussion

4.1 Nanoscratch depth as a metric for polishing rate

Figure 5 shows the correlation between determined effective removal depth (d,) from
nanoscratching in water for each of the optical materials with the corresponding measured
polishing material removal rate using colloidal silica slurry under identical polishing conditions
(data from’). Despite the very different measurements (nanoscratching versus polishing rate) over
a wide range of materials (glasses, single crystals, and glass ceramics), a linear relationship

between the two was observed given by:

dh _ o oo _tm
e 0.22hrnm d, &)

This relationship implies d, (or the amount removal by a single particle) in the microscopic
removal relationship (Equation (2)) is a quantitative and the controlling factor for material removal
during polishing. Note for the polishing experiments, most parameters, except for the workpiece

material, were kept intentionally constant, including slurry composition, applied loads, kinematics,
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pad material, groove patterns and topography. Hence, this allowed for keeping critical parameters

(suchas N:, ., f1,/i,/yand a,) in Equation (2) largely constant.

Despite of the difference in composition as well as mechanical properties between the diamond
AFM tip and this colloidal silica polishing particle, the correlation between AFM nanoplastic
removal depth and polishing rate across a range of workpiece materials is clear as shown in Figure
5. This correlation implies that the mechanical nanoplastic removal mechanism, rather than
chemical removal, is dominant with colloidal silica polishing for this large variety of workpiece
materials. In other words, d, (depth of removal by a single particle due to chemical removal),
which was not measured by nanoscratching, is small or zero; or in terms of Equation (2), the term

f..d,2a, =0. This correlation also suggests that the difference in mechanical properties between

diamond and silica have little effect on the amount of material removal. The mechanical nature of
colloidal silica slurry removal mechanism is also additionally supported by the fact that it can
successfully polish all of these workpiece materials, while polishing based on chemical removal
performed using cerium oxide slurry resulted in certain workpiece materials with no material

removal such as with SiC and sapphire.’

Further evidence of the mechanical nature of the material removal is illustrated in Figure 6, which
compares the polishing rate of these materials with that of the grinding rate of the same materials.
It is known that grinding is dominated by fracture properties, specifically the lateral crack growth
which is related to mechanical properties of the workpiece such as modulus, fracture toughness,
and hardness.!” As observed in Figure 6, the polishing rate is largely correlated with grinding rate,
suggesting that mechanical properties, and not its chemical properties, dominate the material

removal mechanism during polishing. For outliers such as LBO, other removal mechanisms in
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addition to the nanoplastic removal may also be important during colloidal silica polishing (see

discussion in Section 4.2).

In case of sapphire polishing with colloidal silica, both mechanical and chemical removal
mechanisms have been previously proposed.'®?! Gutsche and Vovk have reported that during
sapphire polishing, an aluminosilicate (A12S1207-H>0) is formed on the surface which is then
removed by chemical removal, as evidenced by X-ray photoelectron spectroscopy.?” 2! Later,
Namba et al. reported a mechanical removal mechanism with sapphire, more consistent with the
results of the present study.'” Since much of the data by Gutsche and Vovk were at elevated
temperatures, a possible explanation is that room temperature polishing is dominated by

mechanical removal and elevated temperature polishing is dominated by chemical removal.

The correlation shown in Figure 5 and 6 confirms that the removal mechanism during polishing
with colloidal silica slurry used in this study is dominated by nanoplastic removal for most of the
workpiece materials. There are a variety of commercial colloidal silica slurries available with
different PSD and chemical additive. The slurry used in this study follows the nanoplastic removal

mechanism. Generalization of this finding to all colloidal silica slurries is left to future studies.
4.2 Nanoscratch depth correlation with material properties

As shown in Figure 2b, the removal depth as measured by nanoscratching is strongly material
dependent. Intuitively, this material dependence should be a manifestation of one or a combination
of mechanical properties of the workpiece, in particular those governing plasticity such as

hardness.

Depending on the applied load on polishing particles, the workpiece surface can be modified by

deep fractures at high loads, plastic deformations at intermediate loads, or chemical reaction at low
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loads. By comparing the energy required for plastic deformation and fracture, Bifano et. al.
determined the transition from ductile-to-brittle removal for different materials in terms of the

critical depth of cut (d) as:

2

d. =019 L | B ©)
H\

where E;, H; and K. are the elastic modulus, hardness, and fracture toughness of the workpiece,
respectively. Notice that the critical depth of cut (d.) is proportional to H;, possibly a clue to the

material property dependence on the depth of nanoplastic removal (d,) during nanoscratching.

Little data exists on the plastic wear of brittle materials (such as the materials used in this study)
because they are usually dominated by fracture material removal. To further explore how d,
depends on global material properties, the material property influence on the wear of metals,
alloys, and plastics due to plastic abrasion is examined, which is proposed to be analogous to the
nanoplastic removal dominated polishing. Khrushov evaluated various metals and steels showing
a wear rate proportional to H;”’, where different classes of pure metals and microstructures had
different linear slopes between wear rate and H,.>* Similar correlations were observed on polymer
composite resins®* and other ferrite alloys®> 2%; however, deviations from the H;” dependence on
wear rate was observed for low hardness materials where the wear rate increased more rapidly than
the expected dependence.?* Others have proposed that wear is more appropriately described by the
ratio E;/H), such as for a series of wear resistant coatings.?’” Based on the above, clearly hardness
is a dominant parameter for determining plastic removal, likely scaling as H,;” where N is the

scaling exponent.
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The relationship between the depth of nanoplastic removal (d,) both in air and water (using
nanoscratching data from Figure 2b) and workpiece material hardness (H;) (using nanoindentation
data from Figure 4) at two chosen loads of 1 mN and 500 mN is shown in Figure 7. As observed
with the other non-brittle materials, there is correlation with hardness where d, decreases with
increasing hardness. However, the correlation is more complex than a simple H,;” dependence.
One interpretation of this dependence is that there are two regimes; one at low hardness values and
another at high hardness values. Another approach, as chosen here, is to use a higher power inverse

dependence such as:
B
d,=A4,+ H—? (7)

where N is the exponent power dependence, 4, represents the minimum plastic removal depth (set
at 0.1 nm), and B, is a constant. The best fit value for N was 3.5 for both sets of hardness
measurements (see Figure 7). For the 1 mN load nanohardness, B,=1437 nm GPa’* and for the
500 mN load hardness (Knoop hardness), B,=278 nm GPa’°. The observed hardness dependence

for d, in Figure 7 is similar to the dependence described for the critical depth of cut (d.) in Equation

(6).

The nanoscratch removal depth (d,) determined in air and water generally showed the same
behavior with hardness in Figure 7. However, there were outliers. In Figure 5, where removal
depth of nanoscratching in water was compared with colloidal silica polishing rate also in aqueous
solution, all 9 workpiece materials follow a similar trend. The exceptions in Figure 7 were with
CaF; and LBO which showed: 1) significant differences in the air versus the water nanoscratch
depth; and 2) a large deviation to the observed H; >~ dependence. It is proposed that this deviation

is because CaF> and LBO, which are known to interact with water, are likely dissolving, leading
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to a larger value of d, in water compared to that in air. Hence, for these two materials, the removal
during polishing is occurring simultaneously both via nanoplastic removal and dissolution. Note
in Figure 6, that LBO is also an outlier in the correlation between polishing rate and grinding rate,
having a significantly higher polishing rate for the corresponding grinding rate. This also supports

that the enhancement in polishing rate is due to another removal mechanism, such as dissolution.

4.3 Simulation of nanoindentation and correlation with hardness

FEA simulations of nanoindentation were performed to explore the nature of nonlinear dependence
of d, with hardness in Equation (7). Quantitatively correlating hardness with nanoplastic polishing
wear is complicated by several factors including: 1) hardness is determined by static
nanoindentation while nanoscratching is dynamic resulting in different stress distributions and
material flow; 2) apparent change in hardness at low loads utilized in the polishing regime; and 3)
possible densification during the nanoscratching process changing the mechanical properties of

the surface. The FEA simulations were aimed at determining the relative importance of these.

First, the validity of the FEA simulation was verified by comparing the simulation with
experimental nanoindentation results for fused silica. Using the known elastic material properties
of fused silica (mass density of 2.3 gm/cm?®, Young’s modulus of 73.1 GPa, and Poisson’s ratio of
0.17) combined with a best fit for the yield stress (1 GPa) as a surrogate for hardness,
nanoindentation loading and unloading simulations were conducted. A summary of the simulation
results compared with experimental values, is shown in Figure 8 in terms of the total maximum
displacement and plastic displacement for different applied loads. There is reasonable agreement
between the two which implies that the basic material properties in this elastic-plastic model are

sufficient to quantitatively describe the key aspects of the load-displacement curves.
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With a validation of the nanoindentation FEA simulation for fused silica, a parametric study of the
dependence of the material hardness (via changes in the yield stress) on the plastic displacement
was conducted. The material hardness was varied 5x above and below that of fused silica, and the
plastic displacement was determined for each simulation as a function of input hardness and
applied load; the results are shown in Figure 9a. For two chosen applied loads, the plastic
deformation as a function of material hardness is shown in Figure 9b. Similar to the measured data
in Figure 7, the FEA simulations also show that plastic deformation scales nonlinearly with
material hardness. More specifically, the experimentally determined nanoscratch removal depths
(dy) scale as ~H;>~, and the FEA simulations of nanoindentation plastic displacement scales as
~H;23. The fact that the nanoindentation simulations largely captures the nonlinear dependence
suggests that the basic physics of mechanical interactions are captured by a simple elastic-plastic
model utilizing modulus and yield stress. The quantitative discrepancy between the two (i.e. N=3.5
versus N=2.35) could be a result of multiple sources such as: 1) differences in static
nanoindentation and nanoscratch geometry; 2) differences caused by performing 2D instead of 3D
simulations; and/or 3) differences caused by using more complex plastic models (such as those
invoking densification or hardening). Understanding such differences is left as scope for future

investigation.

4.4 Prediction of polishing rate governed by nanoplastic removal

By utilizing the quantitative correlation between depth of plastic removal (d,) and the material
hardness (H;), the results and concepts above can be combined to determine the effective Preston
coefficient (k) in the macroscopic polishing material rate expression (Equation (1)) as a function
of hardness. By combining Equations (1), (5), & (7), the effective Preston coefficient can be

described as:
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By

yp = A+ 2 (8)

where A; and By are determined as 5.13x10™"° m?/N and 4.51x102° (m?*N)?>, respectively.
Equation (8) serves as a predictive tool that can be used to estimate the rate of material removal
during polishing when removal is dominated by nanoplastic removal. Equation (8) quantitatively
applies for the present polishing process using colloidal silica on an MHN polyurethane pad. For
other polishing conditions the term N, f, f4 f1 in Equation (2) may change; however, Equation (8)
can be still used as a relative scale for polishing rate of different workpiece materials. In addition,
prediction of the depth of plastic removal (d,) using Equation (8) for various materials can be also
extended using the EHMG model to predict polishing surface roughness (see ref ¢ for details). For
the range of material hardness explored in this study, the Preston coefficient ranges from 5x107'°
to 1x10"® m*N. For comparison, typical values of the Preston coefficient using standard ceria
polishing on glass, where removal is dominated by chemical reaction, is significantly larger, 2x10"
B to 2x10"? m?/N.” 2% 3% For slurries where chemical removal mechanisms are important, the
quantitative scaling of the polishing rate using the partial charge difference between the workpiece

and slurry particle is discussed in a companion paper.’

5. Conclusion

The plastic removal by a single particle (d,) on various optical materials during nanoplastic
dominated polishing was measured using the nanoscratching method and correlated with the
polishing rate using colloidal silica slurry. This correlation confirms that the removal mechanism
during colloidal silica polishing on most workpiece materials is dominated by nanoplastic removal
and that the single particle removal function is a key metric which determines the polishing

material removal rate. Also, d,, is shown to be related to the material hardness (H;) of the workpiece
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material, scaling as H; . This enables prediction of the macroscopic material removal rate for a
given workpiece material during polishing either with using colloidal silica slurry or with other

polishing slurries where nanoplastic removal dominates.
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Figure Captions

Figure 1. AFM images of nanoscratches performed in liquid water environment with applied loads
at 170, 150, 110, 80, 50, and 20 uN from left to right with two different color height scales; one
for (a)Sapphire, (b)YAG, (c) SiC, (d) CaF2, (e) SiOz & (f) Zerodur, and the other for (g) ULE, (h)
phosphate glass & (i) LBO.

Figure 2. (a) Average cross-sectional profiles of AFM nanoscratches in Figure 1; and (b) effective
nanoplastic removal depth (d,) as a function of the applied load.

Figure 3. Nanoindentation load displacement results during loading and unloading for nine optical
materials at various loads ranging from 0.1 mN (or 100 uN) to 100 mN.

Figure 4. Nanoindentation measured hardness (at 0.1 mN to 100 mN) and literature values of
Knoop hardness (only at 500 mN) as a function of load.

Figure 5. Correlation between the effective AFM nanoscratching removal depths (d,) in water for
various optical materials and the corresponding polishing rate using colloidal silica slurry.

Figure 6. Correlation between polishing rate and grinding rate for various optical materials. (data
from 7> 18)

Figure 7. Effective nanoscratch depth in air and water for the different optical materials as a
function of: a) nanoindentation hardness at 1 mN; and b) Knoop microhardness at 500 mN. The
line represents the best fit using Equation (7).
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Figure 8. The maximum total (elastic and plastic) displacement and the plastic displacement as a
function of maximum applied load for the FEA nanoindentation simulations and for the
experimental results from this study and the literature.* 2%

Figure 9. (a) 2D FEA simulation results of nanoindentation plastic displacement as a function of
applied load for different hardness materials (symbols) fitted to a double exponential expression
(dashed lines); b) Nanoindentation plastic displacement as a function of hardness at two different
applied loads calculated from the fits shown in (a). The dashed lines are best fits which show a
H, 2% dependence.
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