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Introduction
Chemical vapor–deposited (CVD) silicon carbide (Si4 C/
SiC), polycrystalline alumina (Al2O3/PCA), and aluminum
oxynitride (Al 23O 27 N5/ALON) polycrystalline ceramics
display a great potential for advanced optical applications in
severe environments that require high hardness, high toughness, and excellent thermal properties. These materials are
nominally fully dense; therefore, there is growing interest in
grinding and ultimately polishing them to nanometer levels of
surface microroughness.
Grinding of ceramic materials usually involves the use
of metal- or resin-bonded diamond abrasive wheels.1 The
material-removal mechanism can be described by indentation
fracture mechanics, where removal is caused by multiple indentation events.2,3 Two crack systems extend from the plastic
deformation zone induced by the indentation: median/radial
and lateral cracks.2 For a given process, lateral cracks control
the extent of material removal,4,5 while the extensions of
median/radial cracks are commonly associated with subsurface
damage (SSD),6 which contributes to the degradation of the
materials’ strength.2
For optical applications, SSD can be the source of component instability (e.g., surface stress) and contamination.
Polishing abrasives embedded in cracks can lead to laserinduced damage, and thermal cycling can result in component
fracture.7–9 Therefore, determination of SSD depth is critical
for high-quality optics. Unfortunately, SSD from grinding is
often masked by a deformed surface layer that is smoothed or
smeared over the part surface.9–11 For polycrystalline ceramics, this layer may also consist of pulverized grains or powder.
The thickness of this deformed layer varies along the ground
surface because of the nonhomogeneity of the composite and
the nonuniform distribution of diamond abrasives on the grinding wheel.12 Therefore, it is valuable to develop new analytical
techniques for understanding the damaged surface left from
grinding and how it extends into the subsurface for these optical ceramics.9,10
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Different techniques for estimating SSD depth induced by
grinding have been pursued. Randi et al.13 reviewed both nondestructive and destructive techniques to evaluate SSD in brittle
materials. Nondestructive methods include transverse electron
microscopy, x-ray diffractometry, Raman spectroscopy, optical
microscopy, photoluminescence, and the use of ultrasound for
ground ceramic materials. Destructive techniques include taper
polishing, cleavage, sectioning, ball dimpling, and spotting
with magnetorheological finishing (MRF). These destructive
techniques are ultimately followed by microscopy or diffractive-based techniques to observe and measure SSD depth.
One recent example of a nondestructive technique is light
scattering, as described by Fine et al.,7 whose results were
confirmed by the sectioning technique. Another recent study
by Wang et al.8 showed how the measurement of the quasiBrewster angle (qBAT) as a function of wavelength could be
used to estimate SSD depth for polished CaF2 (111) surfaces.
The MRF spot technique, as described by Randi et al.,13 was
used by Wang et al.8 to validate their results.
Examples of sectioning techniques include the work by Xu
et al.14 done on polycrystalline alumina scratched by a single
diamond, or Kanematsu,10 who visualized the morphology
of SSD induced by grinding on silicon nitride. His approach
included a combination of taper-polishing and plasma-etching techniques, finally observing SSD using scanning electron microscopy (SEM). In addition, dye impregnation was
used to identify the crack morphology of previously ground
samples that were subsequently broken using a flexure test.10
Miller et al.9 and Menapace et al.5,15 utilized MRF computer
numerically controlled (CNC) machines with raster polishing
capabilities to study the distribution of SSD in larger, polished
fused-silica parts by fabricating a wedge.
SSD depth can also be estimated by correlating SSD depth
to the grinding-induced surface microroughness, or by correlating SSD depth to the size of grinding or polishing abrasives.
Preston16 showed that surface microroughness was three to four
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times the SSD depth, by comparing polished and ground glass
microscope slides in the early 1920s. In the 1950s Aleinikov17
expressed the proportionality factor to be +4 for optical glasses
and ceramics. Hed et al.18 extended Aleinikov’s work using
bound-abrasive tools (diamond and boron carbide), finding that
the ratio between SSD depth and peak-to-valley (p–v) surface
microroughness (measured using a contact profilometer) for
Zerodur, fused silica, and BK-7 glass was +6.5, a much higher
value than previous results. For a large variety of optical glasses
ground with bound-abrasive diamond tools, Lambropoulos et
al.19 estimated SSD depth to be less than two times the p–v
surface microroughness (from areal measurements using a
white-light interferometer). In more recent work, Randi et al.13
found the ratio between p–v microroughness (from areal measurements using a white-light interferometer) and SSD to be 1.4
for some optical single crystals ground with diamond-bonded
tools, where SSD was measured directly by combining MRF
spotting and microscopy techniques. Using the MRF-based
technique described here, we demonstrated that, for nonmagnetic nickel-based tungsten carbides (WC-Ni—a challenging
composite for optical applications), there is a strong positive
correlation between p–v surface microroughness (from areal
measurements using a white-light interferometer) and SSD
depth for rough-ground surfaces.20 The application of this
technique to magnetic cobalt-based tungsten carbides (WC-Co)
was also successful.21 In all work cited above, it is critical to be
aware of the instruments used to characterize surface roughness
since different instruments produce different surface-roughness
values, due to their different lateral scale-length capabilities.
SSD was also found to be a function of abrasive size used
in the controlled grinding stages for fabrication of precision
optics, as discussed by Lambropoulos22 for a variety of optical
glasses and glass ceramics. In practice, by reducing the abrasive
size with each grinding cycle, the plastically deformed material
is removed, reducing the residual stresses associated with the
indentation events, and subsequently reducing the initiation of
cracks within the plastic zone.4 This suggests that, by gradually reducing abrasive size, SSD can be minimized with every
subsequent grinding step.
We present here a procedure for estimating SSD depth
induced by deterministic microgrinding of hard polycrystalline
optical ceramics with diamond-bonded tools. This estimate
comes from tracking the evolution of surface microroughness
(measured using a white-light interferometer) with the amount
of material removed by multiple MRF spots (measured using
a contact profilometer) of increasing depth into the surface. In

LLE Review, Volume 110

addition to extending our p–v microroughness/SSD correlation to hard ceramics, this technique also reveals information
about the specimen microstructure (i.e., grain size), mechanical properties (i.e., hardness and fracture toughness), and the
grinding conditions (i.e., abrasive size used), from extended
spotting with the MRF process.
Experimental Procedure
1. Materials
Samples were obtained from the following sources: three
ALON (Surmet Corp., MA, Lot 1472, April 2006) disks
(40 mm in diameter # 15 mm thick), two PCA (commercial
manufacturer) disks (40 mm in diameter # 2.5 mm thick),
and three CVD SiC (Rohm and Haas Company, Advanced
Materials, MA) disks (76 mm in diameter # 11.5 mm thick).
Grain-size ranges were 150 to 250 n m for ALON, submicron
size for PCA, and 5 to 10 n m for CVD SiC.
2. Mechanical Properties (Hardness and
Fracture Toughness)
Hardness measurements were taken on a Tukon microindenter equipped with a Vickers diamond indenter and a
built-in microscope (#50 objective). A constant dwell time of
15 s was used, with a nominal indentation load of 1 kgf (9.8 N).
Averaging was performed on the diagonals of five to ten random
indents on the surface.
In the case of ALON, individual grains were easily distinguished, allowing placement of indentations in the middle of
individual grains. There were no grain boundaries observable
for CVD SiC and PCA using the microscope. For all of the
materials tested, indentations were randomly placed on specimen surfaces, avoiding large pores and/or inclusions.
Fracture toughness Kc values were calculated from the
observed radial cracks produced at the indentation corners
using the Evans correlation.23 The relevant physical and
mechanical properties are listed in Table 110.IV.
3. Grinding Experiments
All samples were processed under the same conditions
using deterministic microgrinding. The first set of grinding
experiments was performed on a CNC grinding machine25
using a contour-tool grinding configuration for flat surfaces
[see Fig. 110.34(a)], with three different diamond tools: rough,
medium, and fine (40-nm, 10- to 20-nm, and 2- to 4-nm grit
size, respectively). Both the rough and medium tools had a
bronze matrix while the fine tool matrix was resin. To avoid tak-
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ing the part off the machine between operations, the tools were
trued and dressed in advance using Al2O3 dressing sticks that
were 320 or 800 grit (29- to 32-nm and 9- to 12-nm grit size,
respectively). Table 110.V lists the grinding conditions used.
For PCA an additional grinding experiment was performed
because of the large form error on the part surface from grind-

ing using the previous contour configuration. These experiments
were completed on a CNC grinding machine26 using a ring-tool
grinding configuration for flat surfaces [see Fig. 110.34(b)].
Grinding was done using rough and medium diamond tools
(65-nm and 10- to 20-nm grit size, respectively). Both tools had
a bronze matrix, and dressing procedures were performed as discussed above. Table 110.V lists the grinding conditions used.

Table 110.IV: Physical and mechanical properties of hard ceramics listed by increasing Vickers hardness
and fracture toughness.(a)

Material ID

Density t Grain size Young’s Vickers hardness Fracture toughness
( nm)
modulus E
H V (GPa)
Kc
(g/cm3)
(b)
]MPa m g
(GPa)
3.69(c)

150 to 250

PCA (Al2O3)

3.99(e)

<1

CVD SiC (Si4C)

3.21

ALON (Al23O27N5)

5 to 10

334

15.4±0.3(d)

2.7±0.2

400(f)

21.6±0.3(g)

3.3±0.1

466

25.0±0.1(g)

5.1±0.3

(a) Catalog

values, unless otherwise specified.
using the Evans correlation.23
(c) Density may vary slightly depending on the stoichiometry.
(d) Averaging ten Vickers indentations at 1 kgf.
(e) Using Archimedes’ water immersion principles.24
(f) Calculated from measurement using ultrasonic tests and density values. Data were averaged
for two PCA disks (+30 mm in diameter # +1 mm thick) polished on both sides.
(g) Averaging five Vickers indentations at 1 kgf.
(b) Calculated
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Figure 110.34
Schematics of the two grinding configurations used in our experiments: (a) contour and (b) ring-tool configurations.
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Table 110.V: Grinding conditions used in a single pass.(a)

Tool grit size
( nm)

Depth of cut
( nm)

In-feed
(z axis)
(mm/min)

Duration of
single pass

Cross-feed
(x axis)
(mm/min)

Duration of
single pass
(min)

Contour tool grinding configuration.25
40(b)
10 to

100

0.5

12 (s)

1.0

30 to 40

20(b)

20

0.5

2.4 (s)

1.0

30 to 40

4(c)

5

0.5

0.6 (s)

5.0

6 to 8

2 to

Ring tool grinding

configuration.26

65(b)

100

0.1

~20 (min)

NA

NA

10 to 20(b)

30

0.01

~45 (min)

NA

NA

(a) The following parameters remained constant: Wheel speed,

Xt = 6800 rpm for contour tool grinding; Xt = 3000 rpm for ring tool grinding; work spindle speed, Xw = 100 rpm in both cases.
(b) Bronze bonded, 75 diamond concentration.
(c) Resin bonded, 75 diamond concentration.

Before all grinding experiments, each workpiece was
attached to a steel base with hot wax and then placed in the
grinding machine parallel to the tool axis of rotation. Water–oil
emulsion coolant27 was delivered to the tool/workpiece interface to avoid burnout and thermal damage. In the case of the
contour grinding configuration, grinding was done with two
passes for each tool; i.e., the total material removed per tool
was 200, 40, and 10 nm (rough, medium, and fine tools, respectively). No subsequent “spark-out “ passes were performed.
For example, the fine grinding was done only after the part
had gone through two-pass cycles with the rough and medium
tools. Finally, the workpieces were cleaned using acetone. For
ring-tool grinding, multiple tool passes were performed until
material was evenly removed from the surface.
4. Spotting of Ground Surfaces
Magnetorheological finishing (MRF)28,29 is a commercial
polishing process for the manufacturing of precision optics.
We used MRF spotting, with a commercial CNC machine,30
in our experiment to estimate the depth of subsurface damage
induced by grinding. For all of our experiments, MRF spots
were polished onto the ground surface of a nonrotating part, by
lowering the part surface into contact with a rotating magnetic
fluid ribbon. The MRF fluid used was a commercial product31
that consisted of an aqueous mixture of nonmagnetic nanodiamond abrasives, magnetic carbonyl iron, water, and stabilizers. Machine parameters such as the magnetic-field strength
(+2 to 3 kG), wheel speed (250 rpm), pump speed (125 rpm),
ribbon height (1.6 mm), and depth of the part penetrating into
the ribbon (0.3 mm) were kept constant and the spotting time
LLE Review, Volume 110

was varied. Spotting was done on previously rough-ground,
medium-ground, and fine-ground surfaces of each material.
Multiple spots with time durations of 1 to 8, 12, and 16 min
were taken on subsets of the ground surfaces of ALON and
CVD SiC, whereas in the case of the PCA, multiple spots
with time durations of 6, 12, 24, 48, and 96 min were taken as
described in Surface Evaluation from the Spotting Experiments (p. 103).
5. Microscopy of Processed Surfaces
Surfaces were studied using a contact profilometer, a whitelight interferometer, a scanning electron microscope (SEM),
and an atomic force microscope (AFM). Before the surfaces
were analyzed, the samples were ultrasonically cleaned in
acetone (30 min at room temperature), then rinsed with alcohol,
and finally dried using a nitrogen gun.
Metrology was conducted as follows:
• A stylus profilometer32 was used to perform 3-D scans of

the MRF spots, which were then used to extract the spots’
physical dimensions, i.e., spot volume, peak removal depth,
and spot profile. The stylus tip is a cone with a 60° angle
and a 2-nm spherical tip radius of curvature. The instrument
has a 12-nm vertical resolution, and the lateral resolution is
about the size of the tip.
• Average microroughness data [peak-to-valley (p–v) and root

mean square (rms)] were obtained with a noncontacting
white-light interferometer33 over five 350 # 250-n m2 areas
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randomly distributed across ground areas and within MRF
spots as described in Surface Evaluation from the Spotting Experiments (p. 103). This instrument has a lateral
resolution of +1 n m and a vertical resolution of +0.3 nm.
The motorized XY stage and field-of-view stitching software
allow this instrument to be programmed to measure a large
area at high resolution.
• The morphologies of the processed surfaces following

grinding, and for selected MRF spots, were analyzed using a
field emission SEM.34 The preferred imaging configuration
was a mix signal of the in-lens and in-chamber secondary
electron detectors. Surfaces of ground and spotted CVD SiC
material were not etched or coated prior to SEM. Imaging
of the nonconductive materials (i.e., PCA and ALON) was
also performed without etching or application of a conductive coating, using a low beam voltage (1.5 to 0.7 kV), at an
+3-mm working distance.
• Additional surface scans for selected spots were taken on the
AFM35 over three 10 # 10-n m2 areas randomly distributed

within spots where the deepest point of fluid penetration
(ddp) occurred, as discussed in Surface Evaluation from
(a)

the Spotting Experiments (p. 103). Silicon tips with tip
radii of approximately 10 nm were used. The lateral image
resolution can be as small as the tip radius (5 to 15 nm) and
the instrument vertical noise resolution is less than 0.5 Å.
Experimental Results
1. Surface Microroughness and Surface Morphology
from Grinding
Surface microroughness data for all materials after each
grinding stage were taken using the white-light interferometer.
As expected, surface microroughness decreased with decreasing diamond abrasive size. Using the light microscope36 we
observed pitting on the ground surfaces, with no traces of grain
boundaries for all the materials tested, as seen in Fig. 110.35.
The p–v surface microroughness varied from +14.5 n m
(ALON) to +3.7 n m [CVD SiC; see Fig. 110.35(a)] after
grinding with the rough tool (40-n m grit size), from +12 n m
(ALON) to +3.5 n m (CVD SiC) for the medium tool (10- to
20-n m grit size), and from +4 n m [ALON; see Fig. 110.35(b)]
to +0.4 n m [CVD SiC; see Fig. 110.35(c)] for the fine tool
(2- to 4-n m grit size). Surface microroughness for PCA was
+9 n m [see Fig. 110.35(d)] with the medium ring tool (10- to
20-n m grit size).
(b)

(c)

(d)

Figure 110.35
Light microscope images of ground surfaces: (a) rough-ground CVD SiC (5- to
10-n m grain size, 40-n m tool grit size
with contour configuration, +4-n m p–v);
(b) fine-ground ALON (150- to 300-n m
grain size, 2- to 4-n m tool grit size with
contour configuration, + 4- n m p–v);
(c) fine-ground CVD SiC (5- to 10- n m
grain size, 2- to 4-n m tool grit size with
contour configuration, +0.4- n m p–v);
(d) medium-ground PCA (submicron grain
size, 10- to 20-n m tool grit size with ring
configuration, +8.5-n m p–v).

25 nm
G7652JRC
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Examination of the PCA surface in Fig. 110.36(e) shows that
the deformed layer induced by grinding covers/masks the
grains and any SSD, for PCA. Using higher magnification,
Fig. 110.36(f) shows the exposed PCA subsurface where it
appears that single grains pulled out, leaving craters of the
order of 0.2 to 0.4 n m wide.
2. Surface Evaluation from the Spotting Experiments
MRF spots of increasing time duration were taken on all
ground surfaces. Figure 110.37(a) shows a typical 3-D map
generated with a profilometer for an 8-min MRF polishing
spot taken on a rough-ground CVD SiC surface. After using
the software to remove form figure errors (e.g., tilt and curvature), we calculated the physical properties such as volume and
maximum amount of material removed by the MRF spot (i.e.,
spot depth). The volumetric removal rates for ALON, CVD
SiC, and PCA using the MRF operating conditions described
previously were found to be 0.020, 0.006, and 0.002 mm3/min,
respectively, from averaging the results of four spots.
The area enclosed by the white ellipse in Fig. 110.37(a)
constitutes the region of maximum removal within the spot,
where the depth of deepest penetration (ddp) into the subsurface
0
mm

1

5 nm

(e)

(f)

2 nm

3

4
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4
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6
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Figure 110.36
Morphology of the as-ground surfaces using SEM with different magnifications: (a),(b) ALON ground with contour configuration, 40-n m tool grit size,
and +14.5-n m p–v, low and high magnification, respectively, taken using low
beam voltage (1 kV), at a 5-mm working distance; (c),(d) CVD SiC ground
with contour configuration, 40-n m tool grit size, +4-n m p–v, low and high
magnification, respectively, taken using nominal beam voltage (10 kV), at a
10‑mm working distance; and (e),(f) PCA ground with ring configuration,
10- to 20-nm tool grit size, +8.5-nm p–v, low and high magnification, respectively, taken using low beam voltage (1.5 kV), at a 3-mm working distance.
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By using the SEM’s high-magnification capabilities we
examined the morphologies of the ground surfaces with
greater detail. Figure 110.36(a) shows the morphology of the
rough-ground ALON, where the material microstructures, i.e.,
grain boundaries, are not visible. By using high magnification,
Fig. 110.36(b) shows that the removal mechanism involved
fracture. Figure 110.36(c) shows that for CVD SiC, the roughground surface is pitted, with the surrounding surface relatively
smooth. Using higher magnification, Fig. 110.36(d) shows that
the pit lengths, approximately 5 n m long, are comparable to
the average grain size (5 to 10 n m) of this CVD SiC material.

Trailing edge

10

MRF flow direction

Figure 110.37
(a) 3-D image of an MRF spot taken with a contact stylus profilometer on
rough-ground CVD SiC for 8 min. Arrows indicate the spot’s leading edge
(where an MRF ribbon first contacts the material), the spot’s ddp region,
identified by an ellipse (deepest point of part penetration into the MRF fluid
ribbon), and the spot’s trailing edge. The fluid flow direction is from left to
right. (b) Spot profile extracted from a line scan through the center of the 3-D
map (indicated by a dashed line). The distance between the trailing edge and
the ddp region is +2 mm in the horizontal direction. The spot depth reaches
+6 n m in the region sampled with the line scan.
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occurs. The ddp in Fig. 110.37(a) has some asymmetry with
respect to the spot center profile line [shown in Fig. 110.37(b)],
in this case exhibiting a variation of ±0.6 n m. This feature is
typically encountered for many of the longer-time-duration
spots examined in this work. It could be due, in part, to subtle
misalignments of the plane of a part surface with respect to
the MRF ribbon. Figure 110.37(b) illustrates how we extract
the spot center profile from the 3-D map to establish the location of the ddp region relative to the trailing edge for roughness measurements.
Figure 110.38(a) shows a 3-D map of a different spot taken
on a rough-ground CVD SiC surface transverse to the MRF
flow direction (as indicated by an arrow in the figure), with the
(a)

white-light interferometer in stitching mode. Figures 110.38(b)
and 110.38(c) give 3-D maps (0.3 # 0.3 mm2) of the roughground surface and within the ddp, extracted from the map
of Fig. 110.38(a), respectively. Figures 110.38(d) and 110.38(e)
show line scans, or 2-D profiles, extracted from Figs. 110.38(b)
and 110.38(c) (as indicated by the arrows), respectively. These
line scans show the significant roughness reduction from
+1.4‑n m p–v [+100-nm rms; Fig. 110.38(d)] for the ground
surface to +95-nm p–v [+18-nm rms; Fig. 110.38(e)] achieved
inside the MRF spot, in agreement with the areal microroughness values, which vary from +3.2-n m p–v [+99‑nm
rms; Fig. 110.38(b)] on the ground surface and +170-nm p–v
[+19-nm rms; Fig. 110.38(c)] within the spot ddp. Note that
the discrepancy between the line scans and the areal data

+3.32
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MRF flow

0.000
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Figure 110.38
Scans taken on rough-ground CVD SiC,
spotted for 3 min: (a) 3-D map done with the
white-light interferometer in stitching mode,
transverse to the MRF flow (see arrow indicating the MRF flow direction); (b),(c) areal
maps (0.3 # 0.3 mm2) of microroughness on
the ground surface and within the spot ddp,
respectively; (d) line scan of the ground surface, taken from the center of (b); (e) line scans
within the ddp region transverse to the MRF
flow direction, taken from the center of (c) (as
indicated by the arrows); and (f) line scan of
the spot-width profile (indicated by a dashed
white line in the 3-D map) in (a).
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comes from the larger areas sampled with the latter method.
Another discrepancy between the 3-D map and line scans
in Fig. 110.38 is associated with the spot depth. The vertical
scale in Fig. 110.38(a) indicates the overall areal p–v roughness variations of +5.2 n m, which artificially indicates a spot
depth of that scale because it includes the highest peaks on
the rough surface. However, when we examine single line
scans of the spot width profile [represented by a dashed line
in Fig. 110.38(a)], the spot depth is shown to be +2 n m [see
Fig. 110.38(f)].
After the location of a given spot’s ddp was identified [as
described in Fig. 110.37(b)], areal surface microroughness
measurements were taken using the white-light interferometer
at five random locations within the ddp region over areas of
0.35 # 0.26 mm2 as seen schematically in Fig. 110.39(a). In
(a)

MRF flow
direction

0.35 × 0.26-mm2
areal measurements

ddp
Horizontal
line scans
(b)
0.35 × 0.26-mm2
areal measurements
Horizontal
line scans

90°
part
rotation
MRF flow direction
G7656JRC

Figure 110.39
Schematic diagram of the procedure used for surface microroughness
measurements within MRF spots. The dashed ellipse represents the ddp
region. The rectangle within the ddp represents one of five random sites over
which surface roughness was measured. (a) First orientation of the spot for
generating line scans perpendicular (9) to the MR fluid flow direction, and
(b) after rotating the part 90° to generate line scans parallel (z) to the MR
fluid flow direction.
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addition, horizontal line scans were taken perpendicular (9) to
the MRF flow direction. Then, the part was rotated by 90° and
remeasured so that horizontal line scans parallel (z) to the MRF
flow direction were also obtained, as seen in Fig. 110.39(b).
This procedure is necessary because the interferometer analog
camera creates images with a horizontal raster pattern.
Surface microroughness data taken on initial ground surfaces and in ddp areas for long-time-duration spots are listed
in Tables 110.VI(a)–110.VI(c). The areal data represent averages
of 5 random measurements, while the values for the line scans
(9 and z) represent averages of 50 line scans. The amount of
material removed in each spot, or the spot maximum depth, is
reported for measurements done using the contact profilometer,
as described in the text that discusses Fig. 110.37(a).
Tables 110.VI(a)–110.VI(c) summarize the results of grinding
and spotting experiments (the complete set of experimental data
can be found elsewhere37). The evolution of microroughness
with the amount of material removed by the MRF spot indicates
that by removing an optimal amount of material from the asground surface, p–v surface microroughness was significantly
reduced. This observation is valid for all initial surface conditions: rough, medium, and fine ground. For example, in the
case of ALON, the initial surface microroughness values were
+14.5-n m p–v (+1.5-n m rms), while after removing +11 n m
with the MRF process, surface microroughness decreased to
+1.2-nm p–v (+0.09-nm rms). When an additional +13 nm of
material were removed, surface microroughness decreased to
+1.1 n m (+0.07-n m rms). In addition, we found differences in
microroughness values between areal and line scans, either in a
direction perpendicular (9) or parallel (z) to the MRF flow. For
example, in the case of CVD SiC, the initial rough-ground surface microroughness values were +3.7-nm p–v (+0.11-nm rms),
whereas using line scans, surface microroughness values were
+1.5-n m p–v (+0.1-n m rms). [Note that there is no preferred
directionality to the ground surface.] After removing +1.7 n m
with the MRF process, surface microroughness decreased to
+0.11-n m p–v (+0.02-n m rms) in a direction perpendicular
(9) to the flow, compared to +0.06-n m p–v (+0.01-n m rms)
measured parallel (z) to the flow direction. Similar observations
can be made in the case of PCA.
Discussion
In this work MRF spots were placed on previously ground
hard optical ceramics, exposing the subsurface without introducing new damage. By removing several microns of material
(proportional to the initial p–v microroughness in the as-ground
state), surface roughness was significantly reduced. With the
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removal of additional material (i.e., using longer MRF spotting
time), we observed that roughness continued to decrease or to
slightly increase.
These results suggest that, after examining the evolution of
surface roughness within the spots as a function of the amount
of material removed (see Fig. 110.40), two stages can be identified: a stage where removal of the initial grinding damage
occurs, and a stage where removal shows the development
of a texture relating to the interaction between MRF and the
material surface. In the first stage, surface roughness resulting
from deformation and fracture by grinding is removed, starting
with the initial surface condition and ending when the surface

roughness reaches a low value after spotting with MRF. Here
the improvement in surface condition is best characterized by
the drop in areal p–v roughness, a measurement that captures
all features over a reasonably large area.
As seen in Fig. 110.40, the areal p–v for the initially roughground ALON [Fig. 110.40(a)], rough-ground CVD SiC
[Fig. 110.40(b)], and medium-ground PCA [Fig. 110.40(c)]
falls from +14.5, +3.7, and +9 n m to +1.2, +0.20, and
+0.25 nm, with +11, +1.7, and +9 nm removed in the first
stage, respectively. Beyond this point, differences become
apparent in the second stage, depending on how the surface
roughness is examined.

Table 110.VI(a): Selected summary of results for grinding and spotting experiments. Surface microroughness
measurements were taken at five random locations within a spot ddp with the white-light
interferometer. The amount of material removed by MRF (spot maximum depth) was
extracted from the 3-D profilometer scans.

Material

ALON Processed with Contour Tool
Rough ground
0 (as ground)

10.93±0.23

23.83±0.12

p–v

14.52±1.04

1.2±0.4

1.1±0.2

rms

1.45±0.02

0.09±0.01

0.07±0.02

MRF Material Removal ( nm)
Areal ( nm)
Perpendicular (9) ( nm)
Parallel (z) ( nm)

p–v

8.12±0.49

0.40±0.04

0.30±0.06

rms

1.41±0.05

0.09±0.00

0.07±0.02

p–v

8.12±0.49

0.39±0.05

0.23±0.10

rms

1.41±0.05
0.07±0.02
Medium Ground

0.06±0.03

0 (as ground)

9.12±0.11

21.57±0.51

11.72±0.00

0.56±0.16

0.65±0.17

rms

0.72±0.02

0.09±0.02

0.12±0.03

p–v

4.84±0.42

0.39±0.09

0.47±0.11

rms

0.70±0.03

0.09±0.02

0.12±0.03

p–v

4.84±0.42

0.23±0.06

0.18±0.03

rms

0.70±0.03
0.05±0.01
Fine Ground

0.04±0.01

MRF Material Removal ( nm)
Areal ( nm)
Perpendicular (9) ( nm)
Parallel (z) ( nm)

p–v

0 (as ground)

5.98±0.31

21.50±0.10

p–v

4.24±1.44

0.51±0.09

1.05±0.06

rms

0.10±0.05

0.08±0.01

0.16±0.04

p–v

0.67±0.50

0.33±0.03

0.72±0.16

rms

0.07±0.03

0.07±0.00

0.16±0.04

p–v

0.67±0.50

0.22±0.04

0.19±0.09

rms

0.07±0.03

0.05±0.01

0.05±0.03

MRF Material Removal ( nm)
Areal ( nm)
Perpendicular (9) ( nm)
Parallel (z) ( nm)
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Table 110.VI(b): Selected summary of results for grinding and spotting experiments. Surface microroughness
measurements were taken at five random locations within a spot ddp with the white-light
interferometer. The amount of material removed by MRF (spot maximum depth) was
extracted from the 3-D profilometer scans.

Material
MRF Material Removal ( n m)
Areal ( n m)
Perpendicular (9) ( n m)
Parallel (z) ( n m)

CVD SiC Processed with Contour Tool
Rough Ground
0 (as ground)
1.70±0.060
9.41±0.012

p–v

3.680±0.228

0.193±0.042

0.126±0.013

rms

0.108±0.006

0.021±0.004

0.018±0.004

p–v

1.453±0.200

0.107±0.014

0.080±0.016

rms

0.10±0.005

0.020±0.004

0.017±0.004

p–v

1.453±0.200

0.061±0.008

0.056±0.007

rms

0.10±0.005
0.013±0.002
Medium Ground

0.012±0.001

MRF Material Removal ( n m)

0 (as ground)

1.61±0.020

8.64±0.03

p–v

3.464±0.177

0.169±0.041

0.140±0.025

rms

0.077±0.009

0.021±0.007

0.020±0.004

p–v

1.184±0.066

0.105±0.031

0.080±0.039

rms

0.070±0.004

0.020±0.007

0.030±0.021

p–v

1.184±0.066

0.054±0.010

0.047±0.007

rms

0.070±0.004

0.011±0.002

0.010±0.002

Areal ( n m)
Perpendicular (9) ( n m)
Parallel (z) ( n m)

Fine Ground
MRF Material Removal ( n m)

0 (as ground)

1.86±0.090

10.23±0.120

p–v

0.424±0.069

0.141±0.054

0.136±0.025

rms

0.018±0.002

0.013±0.001

0.019±0.003

p–v

0.011±0.005

0.073±0.009

0.091±0.012

rms

0.018±0.001

0.012±0.001

0.019±0.003

p–v

0.011±0.005

0.060±0.006

0.043±0.006

rms

0.018±0.001

0.012±0.001

0.009±0.002

Areal ( n m)
Perpendicular (9) ( n m)
Parallel (z) ( n m)

Table 110.VI(c): Selected summary of results for grinding and spotting experiments. Surface microroughness
measurements were taken at five random locations within a spot ddp with the white‑light
interferometer. The amount of material removed by MRF (spot maximum depth) was
extracted from the 3-D profilometer scans.

Material
MRF Material Removal ( nm)

0 (as ground)

8.84±0.07

15.9±0.06

p–v

8.942±1.067

0.247±0.031

0.276±0.045

rms

0.569±0.076

0.033±0.006

0.044±0.008

Areal ( nm)
Perpendicular (9) ( nm)
Parallel (z) ( nm)
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PCA Processed with Ring Tool
Medium Ground

p–v

3.613±0.401

0.177±0.0028

0.220±0.039

rms

0.460±0.082

0.033±0.006

0.043±0.008

p–v

3.613±0.401

0.128±0.008

0.101±0.008

rms

0.460±0.082

0.030±0.002

0.022±0.002
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one example being decoration of grain boundaries.38 However,
as in the case of PCA [Fig. 110.40(c)], p–v roughness (areal and
9) is seen to increase with additional material removed beyond
+9 n m in the second stage. This increase is real, and is due to
a texture or grooving impressed on the polished, damage-free
surface by the abrasives in the MR fluid. These grooves come
from a lack of part rotation during long-duration spotting.

For orthogonal line scans, the initial ground p–v roughness is similar, as the ground surface shows no processingrelated directional features {+8.1-, +1.4-, +3.6-n m p–v, for
ALON [see Fig. 110.40(a)], CVD SiC [see Fig. 110.40(b)], and
PCA [see Fig. 110.40(c)], respectively}. In the case of ALON
[Fig. 110.40(a)], for both line-scan orientations (9 and z) with
respect to the direction of MRF fluid flow over the surface,
p–v surface roughness is seen to drop from +400 nm to
+300 (9) and +230 nm (z), respectively, in the second stage as
the diamonds in the MR fluid continue to polish the surface,
removing a total of +24 n m of material. In the case of CVD
SiC [Fig. 110.40(b)], p–v surface roughness (9) is seen to drop
from 107 to 80 nm, whereas p–v surface roughness (z) drops
slightly from 61 to 56 nm, as the diamonds in the MR fluid
continue to polish the surface, removing a total of +9.4 n m of
material. In the case of PCA, p–v surface roughness (z) is seen
to drop from +0.13 to 0.1 n m, as the diamonds in the MR fluid
continue to polish the surface, removing a total of 16 n m of
material. Although not described here, it is possible to study the
microstructure of the material with this sampling technique,
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Figure 110.40
Surface microroughness (p–v) evolution with the amount
of material removed with MRF after grinding with (semi
log) (a),(b) rough and (c) medium tools for ALON, CVD
SiC, and PCA, respectively.
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An interesting observation can be made for both ALON and
CVD SiC: In the second stage, where the interaction between
the MR fluid abrasives and the surface is strong, there is a
gradual increase in p–v roughness as shown with all three
measurement protocols ending with an abrupt drop in the p–v
roughness; after this, the roughness either increases or slightly
decreases. For both ALON and CVD SiC, this phenomenon
takes place when the amount of material removed by the MRF
reaches a depth comparable to the material grain size {+12
and 4 n m for ALON [see Fig. 110.40(a)] and CVD SiC [see
Fig. 110.40(b)], respectively}. This phenomenon is not present
in the case of PCA [Fig. 110.40(c)], suggesting that, as grain
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size increases, the interaction between a material’s grains and
the polishing abrasives contributes to surface roughening, or
“grain decoration.”
SEM analysis within polishing spots confirms that MRF
exposes and removes fractured material in both stages 1 and
2, without creating additional damage. Figure 110.41 shows
the evolution of surface texture in spots taken on previously
medium-ground PCA. Figures 110.41(a) and 110.41(b) represent
spot depths of +2 to 3 n m, where MRF processing exposed
voids and pulverized powder regime beneath the deformed
layer. Longer spotting times to remove up to a total of 16 n m
of material [see Figs. 110.41(c)–110.41(e)] verify that MRF
eliminated all pitting and hidden damage, with the subsequent
development of a grooved texture.

1. Use of Power Spectrum to Quantify Surface Topography
In addition to the conventional p–v and rms values that
define surface roughness, the interaction between the MR fluid
and the material surface is discussed in terms of the power
spectral density (PSD). This analysis results in a unique signature,39 in which surface texture parallel (z) and perpendicular
(9) to the MR fluid flow direction may be observed and studied
to obtain information on the surface and its microstructure.
For a given surface profile z(x), the rms roughness is defined as
N
1
: / z i2 ]mg
N i=1

rms =

(1)

and the 1-D PSD at spatial frequency fj = jDf is40
(a)

(b)
Dx
PSD1-D ` f jj .
N

N

/ zk exp 7]2rig jk

k=1

2

NA ,
(2)

j = 1, 2, f N 2 ,

(d)

(c)

(e)

where Df = 1/(NDx) = 1/L, with L being the scan length. PSD
is a statistical function that allows a breakdown of the surface
roughness over a range of spatial frequencies. Furthermore, the
area under a 1-D PSD curve (between two spatial-frequency
limits) is a measure of the rms surface roughness in this spatial
range:41
2
rms1-D

fmax

=

# PSD1-D ^ f h df .

(3)

fmin

G7658JR

2 nm

Figure 110.41
SEM images inside MRF spots taken on PCA that was previously medium
ground (10- to 20- n m grit size) to an initial roughness of 3.6- n m p–v.
(a)–(e) +1.6-, 2.6-, 5.6-, 9-, and 16-n m spot depths (MRF material removed),
respectively. The initial deformation layer as seen in Figs. 110.36(e) and
110.36(f) is completely removed. Long spot dwell times [(d), (e)] enhanced
the intrinsic directionality of the MRF process.
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After removing the low-frequency terms (tilt, curvature,
etc.) from the roughness data for part surfaces discussed in
Experimental Results (p. 102), horizontal 1-D PSD plots
were generated from areal measurements (0.35 # 0.26 mm2)
taken with a white-light interferometer over spatial frequencies
extending from 2.0 # 10 –6 nm–1 to 2.0 # 10 –2 nm–1 by using
multiple line scans in a direction perpendicular (9) to the MRF
flow, as seen in Fig. 110.39(a). Removing the low-frequency
terms resulted in an improved PSD spectrum.42
Because the white-light interferometer has a lateral resolution limit of 1 n m, additional 1-D PSD plots were generated
from AFM scans with a lateral resolution in the nanometer
range. These scans were also done within spot ddp regions.
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A consideration of PSD data generated from profiles perpendicular (9) to the MRF flow direction allows us to study the
residual grooving pattern of the MR fluid flow that represents
the abrasive/surface interactions.
2. MRF Signature on Hard Materials
Figure 110.42 shows the PSD curves in ddp regions for two
spots of increasing time duration taken on the surface of initially rough-ground ALON. The curves represent the evolution
of surface texture with the amount of material removed by the
MRF spot, from +10.5 nm to +24 nm (corresponding to 3- and
16-min spot dwell times, respectively). The interferometer PSD
curves (i.e., at lower spatial frequencies) show an amplitude
reduction from the short- to the long-dwell-time spots, due
to surface smoothing of roughness contributions of the MRF
process. The material’s microstructure dominates the curve in

the spatial frequency range of 7 # 10 –5 to 3 # 10 –4 nm–1, corresponding to features of the order of +50 to 100 nm (comparable
to the ALON grain size).
AFM measurements were taken and evaluated to examine
the PSD across the surface of a single grain in the spatial
frequency range of 1 # 10 –4 to 1 # 10 –2 nm–1 (corresponding
to features of the order of 10 to 0.1 n m; see scale at top of
Fig. 110.42). When compared to the interferometer results,
the AFM measurements show a reversal. PSD values for the
16‑min-duration spot have higher amplitudes across all relevant
spatial frequencies due to the grooving effect of the MRF
process on the surface of a single grain. The morphology of
the grooving pattern represents the “MRF signature on hard
materials.” Figures 110.43(a) and 110.43(b) show the surface
morphologies within these spots detected by the AFM. Profiles
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Figure 110.42
PSD (log–log) for MRF spotting done on initially rough-ground (40-n m grit size) ALON. White-light interferometer measurements were taken using a 2.5
objective using a 2 # magnification (1.41 # 1.06 mm 2).
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of these scans taken across the image diagonal represented by a
white line are shown in Fig. 110.43(c) and 110.43(d). The images
and accompanying profiles agree well with the PSD function.
For example, when we calculate the number of features (+40)
across the diagonal (+15 n m) of Fig. 110.43(b), formed by
the long-dwell-time MRF spot, the number corresponds to a
feature size of the order of 0.5 n m at 2 # 10 –3 nm–1 spatial
frequency, which corresponds to the peak in that frequency, as
seen in Fig. 110.42. The markers in Fig. 110.43(c) extend over
vertical heights in the range of +11 to 14 nm, for the shortdwell-time spot, whereas the markers in Fig. 110.43(d) for the
long-dwell-time spot extend over vertical heights in the range
of +19 to 30 nm.

low frequencies is due to surface figure errors from grinding.]
In the case of CVD SiC there is an increase in the PSD from
the short to the long MRF spot dwell time (see arrow 2). This
increase represents an increase in surface roughness on the
part surface due to decoration of grain boundaries within the
spatial-frequency range of 10 –4 to 10 –3 nm –1, representing
features of the order of 1 to 10 n m, comparable to the material grain size. [The increase in the curve amplitude for CVD
SiC (16-min spot) in the low-frequency range is also attributed
to surface figure error as mentioned above for ALON.] In the
case of PCA, we see a large reduction in roughness values for
the long- compared to the short-dwell-time spots (see arrow
3). This can be attributed to surface smoothing of roughness
contributions in this interval, in the spatial-frequency range
of 3.2 # 10 –5 to 10 –4 nm–1. There is almost no change in the
spatial-frequency range of 3.2 # 10 –4 to 10 –3 nm–1, corresponding to a feature size of the order of 3.3 to 1 nm. This represents
features that are much larger than the nominal grain size, possibly due to grain clusters.

The calculated rms values from the PSD curves of
Fig. 110.42, designated as rms 1, rms 2, etc., on the figure, are
plotted in Fig. 110.44. The left-hand side of Fig. 110.44 shows
the calculated rms values for ALON, corresponding to the spatial frequency of the interferometer PSD curves in Fig. 110.42,
and the calculated rms values from the PSD curves for CVD
SiC and PCA where we used a 20 # objective and a +350-n m
spatial scan length (511 data points) in the spatial-frequency
range of 0.2 # 10 –5 to 0.9 # 10 –3 nm–1 (corresponding to features of the order of +100 to 1 n m) on the interferometer. As
seen in Fig. 110.42, we notice a decrease in rms surface roughness from the short- to the long-dwell-time spots for ALON
(see arrow 1). [The roughness increase for the 16-min spot at
(a)

10.0

The right-hand side of Fig. 110.44 shows the calculated rms
values for PSD curves done in the spatial-frequency range of
0.0002 to 0.02 nm–1 (corresponding to features of the order
of 1 to 0.05 n m) using the AFM. These results are within the
boundaries of a single grain for ALON, whereas for both CVD
SiC (5- to 10-n m grain size) and PCA (submicron-range grain
size), these results span at least one grain boundary. Notice
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Figure 110.43
AFM scans taken at spots’ ddp of initially
rough-ground ALON: (a) short- and
(b) long-dwell-time spots (3 and 16 min,
respectively); (c),(d) profiles taken across
the diagonal of scans, represented by the
white lines in (a) and (b), respectively. The
markers in (c) and (d) represent vertical
heights in a range of +11 to 14 nm and +19
to 30 nm for the short- and long-dwelltime spot, respectively. The grain size is
50 to 100 n m.
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Figure 110.44
Calculated rms (nm) surface roughness from PSD plots generated from the interferometer and AFM measurements (log–log). Data points represent the
averaged rms values for a specific spatial-frequency bandwidth, indicated as rms 1, rms 2, etc., in Fig. 110.42.

the increase in the roughness values for ALON at the spatial
frequency 10 –2 nm–1 (see arrow 4), indicating the presence
of MRF signature, as discussed for Figs. 110.42 and 110.43.
There is almost no change in surface roughness at the spatial
frequency 10 –2 nm–1 for both CVD SiC and PCA, corresponding to the MRF signature. Beyond this frequency we notice a
reduction in roughness for all three materials: In the case of
CVD SiC, there is a decrease in surface roughness from the
short- to the long-dwell-time spot (see arrow 5). In the case of
PCA, an increase in surface roughness from the short- to the
long-dwell-time spot (see arrow 6) in a spatial-frequency range
of 10 –3 to 3.2 # 10 –3 nm–1, corresponding to features of the
order of 1000 to 300 nm (comparable to the PCA grain size),
is due to grain boundary highlighting by the MRF process,
i.e., grain decoration.43
Conclusions
The response of three hard optical ceramics to deterministic
microgrinding has been studied. Grinding experiments showed
that grinding-induced surface roughness decreased with a
112

decreasing size in the diamond abrasive used. Microgrinding
with a rough tool involved fracture, leading to p–v surface
roughness in the range of 14.5 to 4 n m (1.4- to 0.1-n m rms).
Using high-magnification SEM images, we found that the
deformed layer induced by grinding covered the actual damage depth/SSD.
We have demonstrated that an MRF spot can be placed
on ground surfaces of hard ceramics without introducing
additional damage, and that the spot can be used to estimate
the induced SSD depth from microgrinding. For initially
rough and medium surfaces, SSD depth is +11 n m (ALON),
+1.7 n m (CVD SiC), and +9 n m (PCA), corresponding to
initial p–v surface roughness values of +14.5 n m, +3.7 n m,
and +9 n m, respectively. The evolution of surface roughness
with the amount of material removed by the MRF process, as
measured within the spot’s deepest point of penetration (least
roughness), can be divided into two stages: In the first stage the
induced damaged layer and associated SSD from microgrinding are removed, reaching a low surface-roughness value. In the
LLE Review, Volume 110
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second stage we observe interaction between the MRF process
and the material’s microstructure as MRF exposed the subsurface without introducing new damage. We showed that SSD
depth can be estimated by using an optical profilometer–based
measurement of the areal p–v surface microroughness of the
as-ground surface. This provides an upper bound to the SSD
value. SEM images confirmed these observations.
We also showed the development of the “MRF signature” on
hard ceramics by computing PSD curves within the resolution
capabilities of the interferometer and the AFM. By considering
PSD data generated from profiles perpendicular to the MRF
flow direction, we studied the residual grooving pattern of the
MR fluid flow that represents the abrasive/surface interactions.
Additional work is still needed, however, to characterize MR
fluid particles/surface (i.e., materials’ microstructure) interactions parallel to the MR fluid flow direction.
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