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Introduction
Classical finishing processes of optics employ precisely shaped,
viscoelastic pitch or polyurethane foam–faced tools to transfer
pressure and velocity through an abrasive slurry to the
workpiece. Material is removed by chemical and mechanical
interactions among the abrasive (typically micron- to submi-
cron-size cerium oxide or aluminum oxide), the carrier fluid
(water), and the workpiece. Magnetorheological finishing
(MRF)—a new method of polishing optics—is being studied
at the Center for Optics Manufacturing (COM) at the Univer-
sity of Rochester. This method utilizes a suspension consisting
of magnetic particles [typically carbonyl iron (CI)], nonmag-
netic abrasive particles, water, and stabilizing agents. Fig-
ure 82.59 shows an MR polishing machine. Rotation of the
bottom wheel takes the fluid from the delivery nozzle and
drives it underneath the part, where there is a strong magnetic
field. Under the influence of the magnetic field, the fluid
behaves like a “plastic” fluid; it is the shear stress caused by the
hydrodynamic flow between the part and the rotating wheel
that removes the material.1

Nanoindentation Hardness of Particles Used in
Magnetorheological Finishing (MRF)

Figure 82.60 shows an example of microroughness on the
surface of an initially pitch-polished fused-silica part pro-
cessed without part rotation and with a nonaqueous MR fluid.
With all chemistry eliminated, what remains are parallel grooves
approximately 16-nm peak-to-valley and 1-nm rms,2 caused
by microscratching along the direction of flow. The water in
aqueous MR fluids “turns on” chemistry, and removal rates
increase substantially. Removal rates increase further in aque-
ous-based MR fluids containing nonmagnetic polishing abra-
sives (e.g., Al2O3, CeO2, and nanodiamonds).3 The features of
the grooves look similar to the ones shown in Fig. 82.60. It is
not known whether it is the abrasive action of the magnetic or
nonmagnetic particles, or a chemical contribution from water
and the presence of the nonmagnetic particles that plays the
most important role in enhancing removal. Nanohardness tests
described here allow us to begin to understand more fully the
role of the various magnetic and nonmagnetic abrasives in the
removal process.

Many authors (see Ref. 4 for example) describe a hydrated
layer at the glass surface caused by the chemistry of the
aqueous slurry. This soft hydrated layer affects polishing since
it is easier to remove than the bulk material. An abrasive that
is softer than the bulk material could conceivably remove
material from a hydrated layer, but a harder particle (under the
same load) could penetrate farther into the layer and thus
remove more material. Kaller5 discusses both the importance
of finding the unknown hardness of abrasive particles and how
the abrasive should actually be softer than the material being
polished. An interesting experiment would be to compare
removal characteristics of particles of different hardness in the
same chemical environments. The variation in groove depth as
a function of particle hardness would estimate the extent of the
hydrated layer. For this experiment to be of the greatest utility
the actual hardness of the particle must be known. The work
described above is in progress.6 To support this work, particle-
nanohardness measurements are reported here and compared
to some materials important to optics.
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Figure 82.59
Photograph of the MRF polishing process. The fluid emerges from the nozzle
on the left and is carried to the right into the polishing zone under the part
surface by the rotation of the wheel. The pole pieces are part of the electro-
magnet that provides the magnetic field that stiffens the fluid into a ribbon.
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The hardness of a material is typically measured by pushing
a hard material into a softer one and measuring the area of
residual deformation left on the softer material. The hardness
is the indenting load divided by the area of the residual defor-
mation. In the past, Steinitz7 determined particle microhardness
through microindentation (material hardness found through
microindentation will be referred to as microhardness, and that
found through nanoindentation will be referred to as
nanohardness). His figures show that the particle areas being
indented were of the order of 100 µm in size and that the size
of an indent was about 20 µm. Loads from 25 to 300 g (about
0.25 to 3 N) were used. The author points out that relatively
large loads were needed for these indents so that the diagonals
could be accurately measured for the microhardness calcula-
tion. This limited Steinitz to relatively large particles. The
particles that we are concerned with have a median diameter of
about 5 µm, although it is possible to screen out ≈ 20-µm
particles for study. The indent should therefore be significantly
smaller than 20 µm for reasons that will be discussed later.
These particles are still too small to be tested with a traditional
microhardness tester. Small particles could be sintered or
pressed together for ease of indentation, but heating or stress-
ing the particles could change their mechanical properties.7

Using the nanoindentation techniques described below, we are
able to make smaller indents on much smaller particles than
was done previously with microindentation, without altering
the mechanical properties of the particles.

Nanoindenter
Hardness is measured with a commercially available nano-

indenter.8 The indenter is a Berkovich three-sided, pyramidal
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Figure 82.60
Microroughness on the surface of a fused-silica part after MRF without rotation. The MR fluid contains CI and nanodiamonds in a nonaqueous carrier fluid.
The grooves are parallel to flow and are a result of particle/glass interaction.

diamond that accommodates maximum loads up to about
700 mN. Our experiments used maximum loads of 1 and
5 mN. This instrument applies a load by magnetic coil; the
displacement of the indenter is continuously measured with a
capacitance gauge. The displacement can be measured to
within ±0.04 nm and the output voltage from the loading
operation to within 4 µV. The loads and displacements for our
experiments are such that the measurement error is much less
than 1%.

The nanoindenter’s computer-automated system allows the
user to choose the indentation experiment (loading rate, maxi-
mum load, drift correction, etc.) and location of the indent,
leaving the instrument unattended as the experiment is per-
formed. A typical experiment takes only about 15 min, but the
time depends on the environment where the nanoindenter is
located and the number of indents made. The first part of a test
requires that the instrument settle to a user-specified critical
drift rate. The indenter is kept in an insulated cabinet on a
vibration isolation table. If the room containing the instrument
has significant vibrations or temperature gradients, it may take
some time for the drift rate to settle to the user-selected value.
Our tests utilize the default critical drift rate of 0.05 nm/s.

Both nanohardness and the elastic modulus can be calcu-
lated via the load-displacement curves.9 Since the load-dis-
placement curve is of greatest interest, it is important that the
particle be constrained from displacing due to the indenter
loading from the top. That is, the measured displacement must
be due to the motion of the indenter into the particle surface,
and not due to the motion of the particle. For this reason,
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magnetic particles are fixed rigidly to a glass substrate by
embedding them in an epoxy matrix, and nonmagnetic par-
ticles are cast in a polymer substrate (phenol-formaldehyde or
Bakelite). There is evidence in the literature that the substrate
affects the measured properties of thin films.10,11 Initial screen-
ing experiments before this study suggested that this problem
influenced small-particle indentation as well. Special sample
preparation techniques described below were devised to avoid
this effect.

One of the strengths of the nanoindenter is that it allows
precise positioning of indents. This ability allows us to search
for and indent individual particles. Indents can be positioned to
within 0.4 µm, but this accuracy is reduced by thermal drift
and the accumulation of small errors.8 Frequent system cali-
bration allows for the precision necessary to indent 5-µm
particles, but there are fewer failed tests (i.e., no particles
indented) if the indented surface is approximately 20 µm in
diameter. The larger particle size reduces the importance of any
positioning error caused by the nanoindenter translation stages.
For this reason, the particles are suspended in methanol and
passed through a sieve12 to separate out larger particles for
testing. A second option, if the particles are relatively small, is
to create an array of indents near a particle. For example, a line
of indents can be defined so that, while some of the indents will
be into the epoxy, the rest will be on the particle. Results re-
ported here are from experiments performed by either method.

Sample Preparation for Magnetic Particles
The magnetic particles (primarily CI) are processed as

illustrated in Fig. 82.61. After they are sieved, the particles are
placed on a BK713 glass substrate, which is set on top of a rare
earth permanent magnet.14 The roughness of the substrate is
about 1 µm rms or smoother, and the substrate is flat to within
about 1 to 10 µm per cm2 of surface. These specifications are
not critical, but height variations in the substrate surface of the
order of tens of microns per centimeter are avoided. Next, a
two-part, room-temperature curing epoxy15 is spread onto a
polymer foil,16 and the foil is placed over the particles, epoxy
side down. A microscope slide is placed on top of the back side
of the polymer foil (the foil prevents the epoxy from adhering
to the slide), and finally a mild iron weight (40 g) is placed over
the slide [see Fig. 82.61(a)]. Since the iron weight is attracted
to the magnet, the epoxy/particle matrix is forced into a thin
layer, and the microscope slide helps to create a more uniform
surface on the epoxy. Figure 82.61(b) shows how the epoxy is
believed to surround the CI particles to hold them in position
during curing.

Figure 82.61
(a) Schematic diagram of the method used in sample preparation. The
particles and epoxy are sandwiched between two hard, flat surfaces so that a
thin layer is formed. (b) Sketch of how the particles are thought to orient in
the epoxy layer shown in (a) under the influence of a magnetic field.

This fabrication procedure accomplishes two things: First,
the particles are attracted downward to the magnet. This pulls
the bottom particle layer toward the BK7 surface. Second,
when placed in a magnetic field, the magnetic particles tend to
align into chain structures.17 This helps prevent epoxy from
getting in between adjacent particles. The perceived advantage
is that by having chains of particles resting against the glass
substrate, we minimize the possibility of measuring a reduced
hardness due to effects of a compliant substrate mentioned
above.10,11 The assembly shown in Fig. 82.61(a) is left to cure
in air for 24 h. Once the epoxy has cured, the mild iron weight
and microscope slide are removed from the magnet. The
polymer foil is stripped away, leaving the BK7 substrate and
CI/epoxy matrix. The matrix surface is ground by hand on a
serrated, cast iron lap with 9 µm alumina18 to thin the film and
create flat surfaces on the particles. Grinding is performed as
described by Parks et al.19 so that work hardening of the
particles is minimized. A load of about 35 kPa (about 5 psi)20

is used with the iron lap rotating at 35 rpm. This step takes no
more than a few minutes. The grinding step always results in
some wedge being put into the surface, leaving an epoxy/CI
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film that decreases in height from one side to the other (see
Fig. 82.62). The grinding step is complete when the glass
substrate starts to become visible. In this way, we know that
there is a thin layer of the composite film where indents can be
taken very near the glass substrate.

(Not to scale)
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Figure 82.62
Schematic diagram of the sample after the magnet has been removed and the
top layer of epoxy has been ground and polished away. The flats on the
particles constitute the potential indent sites.

Samples are polished with light pressure on a cerium oxide
impregnated felt lap21 at a rotation speed of 50 rpm. This step
is monitored with the help of an optical microscope.22 The
polishing phase is considered complete when few polishing
grooves can be seen on the CI surfaces at 1000× magnifi-
cation. This step is a manual operation that takes approxi-
mately 30 min, depending on the skill of the operator.

At the conclusion of sample preparation, the CI/epoxy film
thickness varies from about 200 µm down to zero (at the glass
surface) over a distance of about 10 mm as measured by
mechanical profilometry.23 Indents are placed where the film
is about 25 to 50 µm thick. As shown schematically in
Fig. 82.62, the goal of our sample preparation process is to
create polished flats on the CI particles.

Sample Preparation for Nonmagnetic Abrasive Particles
The above technique for sample preparation is appropriate

only for magnetic particles since we take advantage of the
magnetic attraction of the particles to try to minimize the effect
of deformation of the embedding medium. The nonmagnetic
particles are treated differently. They are mixed with Bakelite
pellets in a ratio of about 1 to 5. This mixture is then put into
a 1.25-in.-diam cylindrical mold, placed into a press,24 heated
to 150°C, and pressed under 5000-psi pressure. It is assumed
that this heat and pressure do not change the particle properties.

The heat and pressure allow the Bakelite to form a network
around the abrasives so that they are held in place during
indentation experiments. The Bakelite sample is then ground
and polished as described above until several particles are
exposed. We have found that the Bakelite medium has a
hardness and elastic modulus of about 0.4 GPa and 7 GPa,
respectively. These values are significantly lower than those of
the particles being tested, so deformation of the embedding
medium is a concern (discussed below).

Validation of Tests
It is important to have a way to verify that indentations are

actually being placed on an individual particle. Figures 82.63(a)
and 82.63(b) show SEM25 images of a carbonyl iron particle
surface after indentation testing. The programmed maximum
load was 5 mN. The test was set up to put an initial indent in the
center of the particle and follow it with four more indents
spaced 2 µm apart. The five indents are clearly shown in Fig.
82.63(a). Figure 82.63(b) shows a close-up view of two of the
indents. The sharpness and repeatability in size of the indents
are apparent. Indenter tip radius is 20–80 nm8.

The sample thickness should be four to ten times larger than
the depth of an indent.10 Also, indents should be more than two
times the size of any “stress deformation” that results from
indentation. This prevents deformation due to neighboring
indents from interacting.26 Since most indents are approxi-
mately 200 nm deep, particles greater than 2 µm in size are
sufficiently large for these loads. We choose relatively large
particles and avoid the edges of particles so that we meet this
criteria. The indents in Fig.82.63 are for illustration only .
Quantitative data are obtained mostly by placing a single
indent on a single particle. It should be noted, however, that the
nanohardness values obtained from the indents shown in
Fig. 82.63 were consistent with nanohardness values obtained
from other tests performed on the same particle type.

If the particles are particularly small, it might be advanta-
geous to make arrays of indents. In this case, care must be taken
to identify valid indents from invalid ones. Figure 82.64 shows
the indenter load/displacement curves of three indents from a
linear array (similar to Fig. 82.63) on a single CI particle. The
maximum load was 5 mN for all three indents, but the vertical
displacement of the indenter was about 220 nm for indent 1,
about 300 nm for indent 2, and about 550 nm for indent 3.
The projected area and calculated nanohardness varied ac-
cordingly. The nanohardness was 715 kgf/mm2 (7.01 GPa)
for indent 1, 370 kgf/mm2 (3.63 GPa) for indent 2, and
86 kgf/mm2 (0.84 GPa) for indent 3. This wide range in the
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Figure 82.64
Load/displacement curves of three indents placed in a linear array on a single
particle. The continuous behavior of indent 1 suggests a legitimate particle
indent, whereas the slope changes in indents 2 and 3 (shown circled) suggest
that there may be a region on the edge of the particle contaminated by the
epoxy. Indent 2 shows a small region at the beginning of the loading,
suggesting a small soft layer between the indenter and the particle. Indent 3
has a much larger region with this shallow slope, suggesting a deeper soft
layer. Indents with these distinct changes in slope are not used.
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Figure 82.63
SEM of a large CI particle after a set of five indentations at 5-mN maximum
load. The initial indent was placed in the middle of the particle, and the five
indents were spaced 2 µm apart. This demonstrates the ability of the
nanoindenter to place multiple indents precisely on a 20- to 25-µm-diam
particle. Photographs like these are very difficult to obtain because of the
difficulty in locating the indentation site after moving the sample from the
nanoindenter to the SEM.

measured nanohardness indicates that there is some error in
the measurement.

The reason for the variation in the nanohardness for this
single particle is evident from the three load/displacement
curves in Fig. 82.64. The first indent shows typical loading and
unloading behavior9 for a single, hard material, whereas the
second and third indents show a clear slope change in the
loading curve (circled in Fig. 82.64). It is believed that this
slope change is due to epoxy contamination around the edge of
the particle. For the second and third indents, as the load is
applied, the indenter first encounters an epoxy film, and the
shallow slope of the loading curve is due to the fact that the
epoxy is much softer than the CI. The change in slope of the
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loading curve can be explained by the fact that the thin material
under load becomes more stiff (the slope of the curve in-
creases) as the indenter is influenced by the underlying mate-
rial. That is, we expect the slope of the loading curve to increase
due to both elastic and permanent deformation as the indenter
moves through the epoxy layer. Hay and Pharr11 use a similar
method to monitor the effects of a thin, hard film on a soft
substrate. In their work, the slope of the loading curve becomes
shallower as the soft substrate begins to flow under the hard
film. As expected, the loading curve becomes steeper in our
case since we have a thin film of soft material on a hard
substrate. Such an interpretation is also consistent with a
quantitative estimate of contact zone width based on the
Sneddon solution of a rigid cone indenting an elastic half-space
of a material with the properties of epoxy.27 For these reasons
indent 1 would be considered a successful indent, whereas
indents 2 and 3 would not.

Krell et al.28 discuss another consideration for indentation
experiments. It is possible that a particle could be pushed into
the embedding medium under the influence of the indenting
load. By creating chains during sample preparation of mag-
netic particles and indenting particles near the BK7 surface, we
minimize the chance of particle motion. The nonmagnetic
particles are simply sitting in a relatively soft Bakelite matrix.
It is conceivable that a small particle could be pushed into the
matrix by the indenting load. To estimate this effect, consider
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the particle shown in Fig. 82.63(a). The area of this particle is
approximately 30 µm × 30 µm (900 × 10−12 m2) and subject to
a 5-mN load. The approximate stress underneath the particle is
the force divided by the cross-sectional area or 5.6 MPa in this
case. This is two orders of magnitude below the hardness of the
Bakelite or epoxy matrix. As the particle size decreases, the
applied stress approaches the hardness of the matrix material.
For this reason, low indenting loads are used, and particles on
the large end of the size distribution are tested.

Finally, a problem that may affect both magnetic and
nonmagnetic particles is the indentation-size effect (ISE).
Lambropoulos et al.29 and Fang30 discuss this phenomenon in
microindentation tests where the microhardness is a function
of the applied load (and therefore size) of the indent. More
recently Sangwal et al.31 used an atomic force microscope to
study ISE in nanoindentation experiments. Specifically, they
report that the nanohardness decreases with an increase in
indentation size and that there is a large discrepancy between
hardness due to nanoindentation and microindentation
of MgO.

Dahmani et al.32 show that the elastic modulus and nano-
hardness of fused silica measured with nanoindentation agree
with published results (the nanohardness was compared with a
Vickers microhardness test33). This means that the low loads
used in nanoindentation are not an immediate cause of ISE. We
have also performed experiments at both 1-mN maximum load
and 5-mN maximum load. A different nanohardness measured
at the two different loads would be a sign that either ISE is a
problem and/or the particle was moving relative to the in-
denter. None of our experiments showed a difference at the two
loads, so these effects are not considered significant for our
experiments. Sangwal et al.31 perform indents at a load of
10 µN, which is two orders of magnitude below the load that
we use. Also, they mention that their indentations fully
recover after a sufficiently long time. Our indents do not
recover. The fact that we are able to take SEM scans of indents
a week after indentation tests is evidence of permanent defor-
mation of the material. It is believed that their low loads and
evidence of complete indent recovery put them in a different
experimental regime.

Prior Work
Previously obtained hardness data for materials of interest

to optics fabrication have typically been measured using either
a Moh’s test34 or microindentation techniques on bulk or
sintered samples. The Moh’s scale is derived from a scratch test
that uses ten minerals of increasing hardness. A substrate

material is assigned a number on the Moh’s scale according to
the hardest standard mineral for which there is a visible scratch
during a simple abrasion operation.34 This is a qualitative test,
but it gives relative hardness values for different substrate
materials against known standards. Microindentation is a more
quantitative experimental technique that typically uses a four-
sided, pyramidal indenter (usually a Knoop or Vickers dia-
mond) to permanently deform a material under a known load
(1 to 1000 gf). The hardness of a material is the applied load
divided by a measure of the area of the indent.26 The Vickers
and Knoop microhardness numbers are similar in magni-
tude.35 More recently, it has been suggested that the hardness
of submicrometer particles may be estimated by associating
the hardness to the density of the material.36 This correlation
is unknown and is complicated by internal porosity of the
particles. Results reported here for CI show the hardness–
density correlation to be invalid.

This is the first work that has utilized nanoindentation to
determine the hardness of small abrasive particles. Dahmani
et al.32 show that the Berkovich indenter measures a
nanohardness similar in value to that from a Vickers microindent.
Therefore we validate our results using existing microhardness
data from bulk materials to compare with nanohardness re-
sults. Moh’s data is used for comparison where no microhardness
data exist in the literature.

1. Hard and Soft CI
The magnetic particles of interest to us are the “hard” and

“soft” carbonyl iron particles that are typically used to prepare
aqueous suspensions of MRF. These powders are formed from
the decomposition of liquid iron pentacarbonyl. This process
is explained elsewhere.37–39 The high microhardness of the
hard CI particles is attributed to the presence of carbon,
oxygen, and nitrogen37 and/or high internal stress in the
material,39 but does not appear to be clearly understood.
Pfeil37 cites a Vickers microhardness (25-g load) of about
850 kgf/mm2 (8.33 GPa) for the hard carbonyl iron particles.
Softening is achieved by annealing in a hydrogen environment
to drive out the carbon, oxygen and nitrogen impurities.
Boehm40 discusses this annealing process and claims that,
initially, the microhardness rises with heat treatment. Eventu-
ally it drops when the temperature is raised above 500°C.
Boehm confirms Pfeil’s result for the hard CI and gives a
minimum microhardness of 280 kgf/mm2 (2.75 GPa) for the
softer, reduced CI. Finally, Ebenhoech38 cites a Vickers
microhardness of 900 kgf/mm2 (8.82 GPa) for the hard CI
and 100 kgf/mm2 (1 GPa) for the soft CI at the same 25-g load.
No details about the tests are given.
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2. Nonmagnetic Abrasives
Six nonmagnetic particles have also been chosen for

nanohardness tests since they are often used in grinding and
polishing. Two types each of alumina and cerium oxide were
chosen since they are of particular interest to optics fabrication.
The two types of alumina differ in that one is used for grinding
and one for polishing. The cerium oxide samples are both
refined from a common ore, but with different heat treatments.
We also tested silicon carbide and cubic zirconia particles,
which were chosen because (1) they, too, are commonly used
in optical fabrication and (2) the existing microhardness data
in the literature helps to further verify our test results.

Microindentation hardness data for nonmagnetic abrasives
exist in the literature. Krell et al.28 test various alumina
abrasives and discuss how the particle hardness and fracture
toughness can affect the grinding efficiency. They also discuss
the importance of knowing the hardness of individual abrasive
particles as opposed to bulk values, especially in sintered
specimens. Their experiments utilize 0.6-mm-mean-sized
samples embedded in an epoxy matrix. They use Vickers
indents at 10-N load. They also discuss the effect of the
substrate and magnitude of the load on their measurements.
Namely, if they use a higher load, the particles are pushed into
the matrix. If they use a lower load, then they have difficulty
measuring the size of the indent. We discussed the problems
associated with using a high load, but we do not have their
problem associated with low loads since our hardness is
determined from the load/displacement curve. Our loads are
four orders of magnitude less than theirs, which allow us to
measure smaller particles in more-localized regions. Their
results for different types of sintered alumina (at various

densities and compositions) show Vickers hardness values of
about 15 to 20 GPa. They estimate the actual microhardness
values for some of the samples to be as high as 25 GPa, but
porosity effects are believed to give lower values. These data
are included in Table 82.VII.

Several other references, summarized in Table 82.VII, give
bulk microhardness data for materials of interest. Okuyama
et al.,41 Nathan,42 and Brecker et al.43 give hardness data for
alumina (Al2O3) and silicon carbide (SiC). These references
suggest a Moh’s hardness of about 9, and an approximate
Knoop microhardness of 20±3 GPa for alumina and 27±5 GPa
for SiC. Nassau44 gives the hardness of cubic zirconia between
8.0 and 8.5 on the Moh’s scale. Since alumina and SiC have a
Moh’s hardness of about 9, we can expect cubic zirconia to
have a Knoop microhardness similar to, but slightly less than
that of Al2O3 and SiC. There is, however, no direct relationship
between the two hardness scales. No details about these
microhardness measurements are given.

Some information on the hardness of cerium oxide is also
available in the literature. Izumitani4 states that cerium oxide
has an approximate Moh’s hardness of 6 and that most optical
glasses range from 5 to 6 on the same hardness scale. Therefore
we can expect the hardness of cerium oxide to be of the order
of BK7 and FS glasses. While West45 does not give a number
for the hardness of cerium oxide, he does discuss how thermal
treatments at elevated temperatures cause cerium oxide to
become harder. Izumitani4 also discusses the heat treatment of
cerium oxide and confirms West’s result. We will show a
similar result with our experiments.

Table 82.VII: Summary of hardness data from the literature for various abrasive materials.

Abrasive Mohs Hardness(Ref) Knoop Hardness

(Gpa)

Vickers Hardness

(Gpa)

Aluminaa,c 9(41), 9.4(42) 16.58–24.22(41,43) –

Sintered aluminab – – 15–25(28)

Zirconiac 8.0–8.5(44) – –

Cerium oxidec 6(4) – –

Silicon carbidea 9.6(42) 22.15–31.63(41,43) –
aMicrohardness tests of bulk material
bMicrohardness tests of large particles
cMoh’s tests not well defined
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Results
Tables 82.VIII to 82.X show the results from our experi-

ments. Table 82.VIII gives the 11 magnetic particles that were
tested with the nanoindenter: ten are carbonyl iron and one is
a carbonyl nickel. The types and vendor plus information on
the composition and nanohardness of each particle are listed.
Table 82.IX lists the nonmagnetic abrasives along with their
vendor, crystal structure, and nanohardness information. We
also indented two optical glasses (BK713 and fused silica,
FS46), one laser glass (LHG847), and a soft crystal (potassium
dihydrogen phosphate, KDP48) under identical conditions for
comparison. Information on these materials is given in
Table 82.X.

Figure 82.65 shows the relative nanohardness values for the
different particles compared to the reference glasses. First,
consider the CI particles: the hard CI’s are as hard (S-1701) or
harder (EW, OS 3770, OS 1225, OS 2983, OM) than fused
silica. The soft, reduced forms of the CI’s are significantly
softer than all of the glasses and comparable in hardness to
KDP. Two of the OS samples (OS 5942 and OS 9560) have

intermediate nanohardness values due to a variation of pro-
cessing parameters. Some of the nanohardness values mea-
sured for hard particles are harder than those cited in the
literature, while others are in good agreement with the numbers
cited. The soft CI’s are much softer, as suggested by the
literature. The nickel proved to be an extremely soft particle, in
contradiction to our expectations from discussions with
the manufacturer.

The differences in nanohardness among the hard CI
samples can be analyzed further. The heat treatment process
and the presence of impurities play a significant role in deter-
mining hardness of the particles. The reduction process softens
the particles by removing the impurities in the iron. Con-
versely, it has been shown that the inclusion of some of these
impurities often hardens iron (see, for example, Refs. 58 and
59). It is not known if the impurities are present in atomic or
molecular form. It would be expected that impurities strengthen
a metal as the square root or cube root of the concentration
whether in atomic or molecular form.60 Specifically, it is
expected that the hardness of iron will increase as the square

Table 82.VIII: Summary of the manufacturer information and nanohardness results for the indented magnetic particles,
given in rank order from hardest to softest.

ID Material Lot NumberMfr. bwt%

Hardness by
Nanoindentation

(standard deviation)
(Gpa)

Nitrogen Carbon Oxygen

OS 1225 Carbonyl iron 1225(49) [0.540 0.880 0.580](52) 14.4 (0.8)

OS 2983 Carbonyl iron 2983(49) [0.750 0.800 0.590](52) 13.1 (0.6)

OM Carbonyl iron 3999(49) 0.800 0.790 0.240 12.4 (1.0)

EW Carbonyl iron 9970(49) 1.000 0.800 0.500 11.7 (0.8)

OS 3770 Carbonyl iron 3770(49) [0.180 1.120 0.650](52) 10.5 (1.0)

S-1701 Carbonyl iron 6070111(50) 0.850 0.850 0.730 9.7 (0.5)

OS 5942 Carbonyl iron 5942(49) 0.060 1.170 0.320 7.3 (1.0)

OS 9560 Carbonyl iron 9560(49) 1.180 0.970 0.200 4.9 (1.0)

CM aCarbonyl iron 7829(49) [<0.010 0.009 0.170](52) 2.4 (0.5)

R-1521 aCarbonyl iron 8052131(50) 0.024 0.033 0.240 2.2 (1.0)

Nickel Carbonyl nickel 101397(51) 1.7 (0.6)
aReduced form of particle
bAmount of residual nitrogen, oxygen, and carbon in the carbonyl icons is in weight percent, usually per certificate of analysis
from the manufacturer.
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Table 82.X: Summary of the manufacturer information and
nanohardness results for the indented bulk optical
materials given in rank order from hardest to softest.

ID Lot NumberMfr. Hardness by Nanoindentation
(standard deviation)

(Gpa)

FS 7940(46) 9.8 (0.1)

BK7 N/A(13) 7.7 (0.1)

LHG8 N/A(47) 5.3 (0.1)

KDP N/A(48) 1.5 (0.4)

root or cube root of the concentration of carbon, nitrogen, and
oxygen (in this order for the hardening effect).61 Using the
amounts of residual carbon and nitrogen provided by the
vendor, nanohardness values are plotted as a function of the
total amount of carbon and nitrogen in Fig. 82.66. The OS
samples show a relatively large variation in nanohardness;
therefore, data for all OS samples have been averaged into a
single data point with error bars representing a standard devia-
tion. After discussions with the company, we hypothesize that
variations in their internal processing methods, such as anneal-
ing, were responsible for this variation in the nanohardness
data. The data have been fit with a simple power law curve on
a log-log scale, and the equation and correlation coefficient are
shown with the plot. Notice that the data fit (correlation better
than 0.94) a power law of about 0.38. While the variation due
to the OS samples is somewhat large, this trend in the
nanohardness as a function of impurity content is in the ex-
pected range.

The data for the polishing abrasives reveal some interesting
features. The nanohardness values of the #30 grinding alu-
mina, silicon carbide, cubic zirconia, and cerium oxide samples
agree with microhardness and Moh’s hardness values reported
for bulk materials (compare Tables 82.VII and 82.IX), validat-
ing our results. The 1-µm alumina has a significantly lower
nanohardness than the grinding alumina—a surprising result
that can be attributed to proprietary manufacturing methods.62

We report for the first time on nanohardness data for cerium
oxide abrasives. The two cerium oxides, SRS 372 and SRS
373, differed only in their heat treatments. Specifically, SRS
372 had a higher thermal treatment than did SRS 373.63 This
resulted in SRS 372 having about a 50% higher nanohardness
than SRS 373, which agrees with descriptions of heat-treated
cerium oxide given by Izumitani4 and West.45

Table 82.IX: Summary of the manufacturer information and nanohardness results for the indented nonmagnetic
abrasives, given in rank order from hardest to softest.

ID Material Lot NumberMfr. Crystal
Structure

Hardness by
Nanoindentation

(standard deviation)
(Gpa)

SiC Silicon carbide aN/A(53) Hexagonal 31.8 (8.0)

#30 Al2O3 Grinding alumina C9043(54) Hexagonal 29.8 (7.0)

CZ Cubic zirconia 1502792(55) Cubic 24.1 (5.0)

1 µm Al2O3 Polishing alumina C602(56) Not reported 10.0 (4.0)

SRS 372b Cerium oxide SDH-13-1(57) Not reported 7.5 (2.0)

SRS 373c Cerium oxide SDH-13-2(57) Not reported 5.0 (1.3)
aLot number is not available. Abrasives were received in 8/94.
bHigh thermal treatment
cLow thermal treatment
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The error bars for the magnetic abrasives and optical mate-
rials are considerably smaller than those of the polishing
abrasives. This is attributed to the more uniform structure of CI
and the optical materials versus the multiphase nature and
heterogeneity of the polishing abrasives tested. Krell et al.28

also had relatively large errors in their measurements, which
they attributed to microstructure. We do not have control of the
crystal orientation of the abrasives that we are indenting, which
will also affect the measured nanohardness.

Summary
A technique for nanoindentation of small, magnetic and

nonmagnetic abrasive particles has been described. Most re-
sults are consistent with what has been previously reported, but
some results are new. While Krell et al.28 show microhardness
differences in various grinding aluminas, it is interesting to see

Figure 82.65
The relative nanohardness values of the particles, glasses, and crystal that have been indented (in air) at 5-mN load on the nanoindenter.

the large differences in nanohardness values of the actual
commercial products used in grinding and polishing.

The literature contains only Moh’s hardness data for cerium
oxide abrasives. We report here, for the first time, an actual
nanohardness value for individual cerium oxide abrasives. The
tests and procedures described here allow for the characteriza-
tion of the mechanical properties of small particles that is not
possible through microindentation without sintering or using
samples much larger than those normally used. This allows for
the study of abrasives in forms actually used in polishing, so
that full characterization of the mechanical properties of pol-
ishing materials is now possible. Furthermore, removal experi-
ments using various combinations of magnetic and nonmagnetic
abrasive particles and slurry fluid chemistries should give
valuable information in the future regarding the removal
mechanisms for MRF.
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Figure 82.66
Particle nanohardness as a function of the sum of carbon and nitrogen present.
An expected power law dependence is seen. Similar results are achieved if
only nitrogen or carbon is analyzed.
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