Under standing the M echanism of Glass Removal
in Magnetor heological Finishing (MRF)

Introduction

Two magnetorheological (MR) fluids are currently in wide-
spread industrial use for the commercial manufacture of high-
precision optics using magnetorheological finishing (MRF).
One composition, which consists of cerium oxide in an aque-
ous suspension of magnetic carbonyl iron (Cl) powder, has
been found appropriate for almost all soft and hard optical
glasses and low-expansion glass-ceramics. The second com-
position, which uses nanodiamond powder as the polishing
abrasive, is better suited to calcium fluoride, IR glasses, hard
single crystals (i.e., silicon and sapphire), and very hard
polycrystalline ceramics (i.e., silicon carbide).

Theextensionof MRFtoavast array of materialsispossible
because of the unique nature of this finishing process. The
magnetic carbonyl iron particles may be thought of asaform
of variable compliance lap that supports the nonmagnetic
polishing abrasives. Lap stiffness may be increased or de-
creased by adjusting the Cl concentration and/or the magnetic
field strength.

Considerations leading to a choice of nonmagnetic polish-
ing abrasive are more complex than those encountered in
conventional pitch or pad polishing. Not only do the hardness
and chemistry of the abrasive grains need to be appropriate to
the workpiece, but the type of abrasive (median size, surface
chemistry) can have alarge or small effect on the out-of-field
MR fluid rheology. Fluid properties in an MRF machine
circulation system must be held constant to realize constant
rates of material removal during polishing.

Advances have been made in understanding the mech-
anism of removal with MRF, based in part on the hardness of
the CI powder, the magnetorheological properties of the MR
fluid, and the interaction of cerium oxide or other abrasives
with the workpiece surface. This article presents the results
of recent studies, within the context of classical optical polish-
ing operations.
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The mechanisms of material removal important to glass
polishing have been an area of study for years. Cumbo?l
describes the goals of precision polishing to be to shape the
glassto within 0.1 um of the desired form, to remove subsur-
face damage created by grinding operations, and to reduce the
peak-to-valley (p—v) roughnessto lessthan 5 nm. While there
are several proposed mechanisms of material removal in pol-
ishing, none are widely accepted. Some authors describe
polishing in terms of small-scale fracture,23 while others
describe it as “plastic scratching” of a hydrated layer? or a
tribo-chemical wear process.”> Thegoal of thiswork istotry to
use some of these existing theories to understand the mecha-
nisms of material removal in the MRF of glass.

Preston® gave aclassic theory of removal in glass polishing
that isstill being studied today. He states, “(...therateat which
material isremoved) is proportional to the rate at which work
isdone on each unit areaof theglass.” Furthermore, he defines
thework doneintimet as

w=pApvt, 1)

where w = work (N « m), u = coefficient of friction, A= area
of contact between the glass and polishing lap (m2), p =
pressure applied to the glass part (N/m?), v = relative velocity
between the lap and the part (m/s), and t =time in which work
isdone (s).

Theterm up isthe specific traction, or drag divided by the
contact area, of the polishing lap (felt inthiscase) ontheglass.
The expression in Eq. (1) states that the work done on the
material isproportional tothe specific drag forcemultiplied by
the area of contact and the vel ocity. He continuesto say that if
the specific drag force remains constant, then theremoval rate
is proportional to “...the amount of felt that passes over
it...thisisindependent of velocity, except in so far asvelocity
may affect the amount of felt passing over.”® In general,
these statements are true in MRF as well: namely, that the
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material removal scales with the drag force and is primarily
controlled by thetime of contact between the abrasive and the
glass surface.

Preston’s equationiscommonly writtenin aslightly differ-
ent form,

dz L ds
—=Cp——, 2
dt T Adt @
where dz/dt = the change in height in time, or removal rate
(m/s), Cp = Preston’s coefficient (m?/N), L = total normal load

applied (N), A = area over which wear occurs (m?), and ds/dt
= velocity of the work piece relative to the tool (m/s).

The difficulty comes in defining Preston’s coefficient in
Eqg. (2). The discussion above showsthat afriction coefficient
makes up part of it, but several other things are accounted for
inthiscoefficient. Theimportance of variouseffectsthat make
up Preston’s coefficient in MRF will be demonstrated here.
One of these is the chemical effects associated with the pres-
ence of water in the MR fluid. The mechanics associated with
how different abrasive types affect the removal of material in
MRF are aso given. Before describing the mechanisms of
material removal in MRF, it isinstructive to discuss proposed
mechanisms in other polishing processes.

Review of M echanisms of Material Removal

Silvernail and Goetzinger "8 summarizevariousfactorsthat
are important to glass polishing. Aside from pressure and
velocity, they notethat the polishing agent, liquid carrier fluid,
and polishing lap are al important. Their results show that
adding water to the slurry dramatically increases the removal
rateof acrown glass. They concludethat theimproved removal
rate due to the addition of water is independent of the other
parameters in the system (e.g., abrasive concentration, pres-
sure, etc.) and that the interaction is primarily with the glass.
Theresults that show changesin the polishing dueto lap type
areinconclusive. Anincrease in removal rate is seen with an
increasein cerium oxide content, showing that the concentra-
tion of the slurry isimportant to material removal. This effect
generally levels off at a concentration between 10 wt% and
20 wt% (approximately 1 vol% to 3 vol%). Furthermore, they
discuss how cerium oxide behaves as an excellent abrasive
whileother rareearth oxidesthat aresimilar in structurearenot
good abrasives. They cannot explain the increased polishing
effect of cerium oxide.
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Other authors describe glass material removal in terms of
small fracture events caused by the abrasive interacting with
the glass surface. Buijs and Korpel-Van Houten? describe
material removal of glasssurfacesby abrasiveparticlesthrough
an indentation fracture theory. This process is intended to
explain lapping, but a polishing process based on a similar
theory could be envisioned. Essentially they describe how the
abrasive particle acts like a Vickers indenter under a normal
load. Material removal occurs through lateral cracking of the
glass under the indenter-like abrasive. Removal rates in this
model depend on the shape of the particle and material prop-
erties of the glass (namely, elastic modulus, hardness, and
fracturetoughness). Whilethisexplanationistypically used to
explain grinding and microgrinding, Lambropoulos et al.3
show that removal rates obtained with MRF correlate with the
same material properties described by Buijs and Korpel-Van
Houten. They explain the fracture occurring through mecha-
nisms other than indentation, however. Asperities on the sur-
face can be model ed as nanometer-sized cracks. The abrasive
contacts the asperity through shear and normal loads. In this
geometry, the shear load works to drive the crack, while the
normal load tendsto closethe crack. If the shear forceislarge
enough relativeto thenormal load, fracture of the asperity will
occur. Thisisdifferent from Buijset al. in that this mechanism
is shear driven, while their work is controlled by lateral
cracking from normal loadsindenting the particle. Thework of
Lambropouloset al. isinitsearly stages, butit givesaplausible
explanation of how removal rates in polishing correlate with
parameters used to describe fracture.

Water’spositiveimpact on polishingisdiscussedin several
other references. If polishing is thought to consist of small
fracture events, then the effect of water can be explained by
Michal ske and Bunker.® The authors (and references) describe
how water can attack the Si-O-Si bonds at the crack tip, which
results in a reduced fracture toughness of the glass. Further-
more, the hydrolysis rate increases as the stress of the bond
increases. Consider the model proposed by Lambropoulos
etal.3and/or Buijsetal.2AccordingtoMichal skeand Bunker’s
theory, the presence of thewater aswell asthe stresses applied
by the abrasiveto the glass surface would dramatically reduce
the fracture toughness of the material as well as speed up the
kinetics of the process.? This possibly explains why water
enhances the removal of glassin polishing.

A second, possibly related, mechanism of material removal
also involves hydration of the glass surface due to chemical
interaction between the carrier fluid (water) and the glass
surface. Cook19 describes how the water molecule breaks Si-
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O-Si bondsand how thishelpsto create ahydrated layer inthe
glasssurface. Cumbol-11 givesasummary of Cook’swork and
extends it with a study of the chemical effects in polishing
experiments. Cook’s!0 process basically describes how the
loads applied to the surface by the abrasive promote diffusion
of water into the silica network. As the water dissociates, it
attacksthe bondswithin the network, weakening the structure.
This promotes bond breakage and material removal. Cerium
oxideand zirconiaparticlesare described as having “ chemical
tooth,” which promotes bonding of the abrasive to the silica.
Thispromotesmaterial removal fromthesilicanetwork aswell
asinhibits redeposition of material back onto the surface. For
chemically inactive materials, such as diamond, removal is
saidtodependonthecarrier fluid’sability to carry theremoved
material away sincethesilicadoes not bond with the abrasive.

| zumitani’stheory of the mechanism of material removal is
also based on the idea of the hydrated layer. This hydrated
layer is caused by a chemical reaction between modifier ions
in the glass and the hydrogen ions in the water. Material
removal occurs by abrasive particles scratching away this
layer. The speed at which material isremoved depends on how
quickly thehydratedlayer isformed (chemical durability of the
glass) and the hardness of the hydrated layer as well as the
hardness and/or friability of the abrasive. He showed that a
softer abrasive that ismore easily crushed but still harder than
the hydrated layer ismost effective. Hisexplanation isthat the
crushing provides more particles and therefore a higher fre-
guency of scratching events. He also describes the necessary
properties of the lap used in polishing. The lap must be hard
enough to support the abrasive and transmit pressure, but soft
enough to allow the particle to embed into the polishing lap.

Evidenceintheliterature supportstheexistenceof asurface
layer that is created by hydration of the surface during polish-
ing. lzumitani4 createsahydrated layer by immersingtheglass
surfacesin 0.1 N solution of HCI. Subsequent Vickers micro-
hardness tests show areduction in microhardness of thislayer
withincreasedimmersiontime. Furthermore, heshowsthat the
polishing rate increases as the microhardness of the hydrated
layer decreases. Yokota et al.12 use ellipsometry to show the
existence of the hydrated layer after polishing. They demon-
strateareductioninrefractiveindex inasmall surfacelayerin
glassesthat are susceptibleto chemical attack. Thesizeof these
layers is of the order of tens of nanometers deep. Glasses of
interest to thiswork, borosilicate crown and silica, each report-
edly have hydrated layers of approximately 40 nm with the
polishing conditions studied. Maazaet al .13 use grazing-angle
neutron reflectometry (GANR) to study the hydrated layer.
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They also show evidenceof ahydratedlayer fromthepolishing
process. The hydrated layer of their Borkron surfaces was
approximately 5 nm (Borkron is a special borosilicate glass
used for neutron optics applications!3). It is 15 nm for the
floated face of float glass and 40 nm for the nonfloated face.
They also report on the existence of 2-nm cracks in the float
glass from the polishing process. Yokotaet al.12 describe how
somechemically resistant glasseslikefused silica(FS), Vycor,
and Pyrex actually show densification of the material in these
layers. They explain this densification to be caused by high
local pressures on the glass surface due to polishing. Shorey
et al.14 provide more evidence of densification in fused silica
by comparing numerical simulations with nanoindentation
experiments. Densification apparently depends on the state of
stress from both normal and shear loading.

Kaller>15 describes aprocess he refersto as atribo-chemi-
cal friction wear process. According to Kaller, the abrasive
should be softer than the surface being polished, and the most
important property of a polishing agent isits ability to “grip”
the surface. He states that the most effective polishing abra-
sives(mostly ceriumoxideandiron oxide) havealargenumber
of lattice defects produced during manufacture, and it is the
presence of these defects that promotes the gripping of the
abrasive to the surface. He describes three steps: The first is
intimate contact between polishing grains and the glass sur-
face. Thiscoupledwithfriction or shear forcespromoteslattice
deformation and partia remova of surface layers of the
abrasive grain. Second, removal of these surface layers ex-
posesionic vacanciesin thelattice, which bond with the glass.
Finally, the continued motion of the polishing wheel produces
continuous removal of glass. He continues his discussion to
address how manufacturing methods can produce more, or
fewer, lattice defects, aswell asdeterminethe primary crystal-
litesize. Important additional | atticedefectsarecreated through
(2) valance change of the oxide, (2) incorporation of metal ions
or molecules into the lattice, and (3) quenching. Finally, he
discusses how careful control of processing allows control of
crystallite size, number of defects, and rubbing resistance. For
a given process a particle could be manufactured with the
appropriate number of lattice defects so that the abrasion
resistancematchesthe processfor whichitisintended. In other
words, a cerium oxide particle can be produced that will
provide alow rubbing resistance (soft particle), which means
low removal, but a high precision surface. A (hard) cerium
oxideparticlecould also beproducedto provideahighrubbing
stress, which would give higher removal, but less precise
(rougher) surfaces. He states that the first abrasive would be
used inlow shear to be most effective, but that the second one
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wouldincreaseitseffectivenessat very high shear, presumably
dueto the exposure of new lattice defects. Hisonly discussion
of a hydrated layer is to say that experiments that were
supposed to prove the existence of the hydrated layer did not.
To explain other observations of a densified surface layer
resulting from the pressure of polishing, Kaller claims evi-
dence for nanometer-scale abrasive particles left on or in the
surface after polishing. He refutes the idea of a smallest-size
[imit in milling of abrasives.

Kaller'sideas are at |least partially supported by Kirk and
Wood.16 Intheir paper, they describethe calcination of cerium
oxide sol-gelsand show evidence of significant changesinthe
crystallography due to calcination temperature. Before calci-
nation, the particlesareloosely bonded and of the order of 5to
10 nm in size. After calcination at 850°C for 1800 s, the
crystallitesizeincreasesto about 60to 80 nm, and they become
strongly bonded together. Furthermore, they show that the
{111} -type planes grow faster than { 200} planes at elevated
temperatures. The {111} planes have a higher atom density
than the {200} planes, which means that more cerium atoms
are exposed. The hypothesisisthat this explainstheincreased
polishing efficiency of properly calcined cerium oxide.

Several viewsontherolesof thevarious constituentsin the
polishing process clearly exist. Water plays a major role in
glasspolishing. Itisnot clear whether thisisdueto thereduced
fracture toughness at the glass surface or a softening due to
chemical attack of the silica network. Actually, each process
descriptionissimilar, and there may betwo ways of saying the
same thing. The type of abrasive is also important. The wide
acceptanceof ceriumoxideinglasspolishingisexplainedtobe
duetoitschemical tooth, which could beexplained by Kaller's
|attice defect theory. Also, both |zumitani# and Kaller® show
that it is possible to polish hard materials with relatively soft
abrasives; however, hard materials such as diamond can also
be used. Therelative effectiveness of an abrasiveisnot solely
due to its hardness.

Much of thisdiscussionisasappropriatefor MRF asitisfor
the more common pitch or pad polishing. The ability of
abrasives softer than the glassto polish, even in the absence of
water, will be shown. Furthermore, without water, abrasives
harder than the glass surface have difficulty maintaining con-
tact with the surface and actually have a lower material
removal ratethan thesofter abrasive. Thiswill beexplainedthe
same way Preston did for Eq. (1); namely, removal rate is
proportional to how long the abrasive is in contact with the
glass surface. The importance of water in MRF and how it
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allows abrasivesto more easily abrade material away fromthe
surface will be shown. Finally, the interactions of different
abrasiveswith the glass surface are demonstrated. Anincrease
in abrasive concentration increases the time the abrasives are
in contact with the glass surface. This results in increased
removal. The hypothesis that cerium oxide grips the glass
better and that thisleadsto an increasein measured drag force
under identical experimental conditions as aluminum oxide
and diamond isexperimentally substantiated. Diamond drasti-
cally reduces drag but gives an increased removal rate.

Overview of MRF

Several references describe the evolution of MRF in recent
years.17-19 This process utilizes magnetic particles, nonmag-
netic polishing abrasives in either an agueous or nonagueous
carrier fluid, and a magnetic field to polish materials. The
“standard” MR fluid consists of 36 vol% of carbonyl iron (Cl)
asthe magnetic component and 6 vol% of cerium oxide asthe
abrasivewiththebalancemadeup of de-ionized (DI) water and
fluid stabilizers.1%20 Figure 83.43 shows an SEM and size
distributionsof particlesafter being usedin MRFfor oneweek.
The dark spherical particles are the magnetic Cl and have a
median particle size of 4.5 um. Thelighter, small particlesare
the nonmagnetic abrasive, which in this caseis cerium oxide.
The cerium oxide starts with a median size of 3.5 yum with a
fairly broad distribution. The SEM showsseveral significantly
smaller particlesthat are likely dueto milling of the abrasives
during use. Proper manipulation and control of the MR fluid
allows MRF to successfully polish awide variety of materials
with commercially viable removal rates.1819 Removal rates
obtained withthestandard MR fluid vary from about 2 pm/min
for ahard silicaglass like fused silicato more than 9 pm/min
for a soft laser glass like LHG8.1/

The primary concern of this work is to study how MRF
polishes glass. Figure 83.44(a) shows a photo of an MRF
machine with a vertical wheel [schematic of this machine
shown in Fig. 83.44(b)]. MR fluid is pumped from the fluid
conditioner (1) uptothenozzle (2), whereit isgjected onto the
rotating vertical wheel as aribbon. The wheel shapeisthat of
a portion of a 150-mm-diam sphere. At the initial point of
contact, the MR fluid is a viscous fluid with the approximate
consistency of honey (viscosity = 0.5 Paes, yield stress
=0kPa). Therotation of thewheel dragsthefluid under the part
inregion (3), whereit isacted upon by the magnetic field. The
MR fluid ribbon flowsthrough the converging gap between the
lens and the wheel. The magnetic field stiffens the ribbon in
thisregion, givingit theapproximate consistency of clay (yield
stress= 10 kPa). Significant forces are created by the interac-
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Figure 83.43

SEM of particles and their initial size
distributions after one week of use in
MRF. The dark spherical particlesarethe
hard magnetic carbonyl iron particles.
They have a median size of 4.5 um. The
smaller, light particles are the cerium ox-
ide abrasives. They initially have abroad
size distribution with a median particle
sizeof 3.5 um. Thelarge amount of small
particlesinthe SEM suggeststhat milling
of the cerium oxide occurs during use.

Electromagnet

MR fluid conditioner

Figure 83.44

Thesetup usedin MRF with avertical wheel. (a) A photo of an actual MRF machine. (b) A schematic of the M RF machine. Fluid ispumped from the conditioner
at (1) to the nozzle at (2) onto the rotating wheel. The wheel carries the fluid between the part and wheel into the magnetic field at (3), where the field causes
it to stiffen. Hydrodynamic flow in this region causes stresses sufficient to cause removal to occur. The wheel continues to carry the fluid outside of the field
region, where it isremoved from the wheel at (4). Thisfluid is again pumped to the conditioner to complete the circuit. (c) Cross-sectional view showing the
relative orientation of the 150-mm-diam spherical MRF wheel, pole pieces, and part. Field lines in the polishing zone are schematically shown.
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tion between the wheel, MR fluid, and glass surface since the
MR fluid ribbon flows through a converging gap, deforming
from athickness of 2 mm to one of 1.5 mm. Rotation of the
wheel continuesto drag the MR fluid from region (3) over to
region (4), whereitisremoved fromthewheel through suction.
Here, the magnetic field does not act on the MR fluid, so it
again has the consistency of honey. The MR fluid is pumped
back to the fluid conditioner, where it is cooled to a setpoint
temperature and any evaporative losses are replaced. Our
primary areaof concernisregion (3) inside the magnetic field
where polishing occurs. Figure 83.44(c) shows a cross-sec-
tional view of thisregion. Thepolepiecesprovidethemagnetic
fieldtostiffentheM R fluid. Thisfringing field betweenthegap
of the pole pieces has a strong vertical gradient. The field is
higher at the wheel surfacethanitisat the part surface, which
causes the Cl to be pressed against the wheel surface and the
nonmagnetic abrasive to move to the glass surface.

Figure 83.45(a) showsaphoto of the MR fluid contacting a
meniscus lens surface (flow direction isleft to right for all of
Fig. 83.45). The fluid contacts the surface in the shape of a
backward D. Thisisthe shape of the removal under the action
of the rotating wheel if the part is held stationary in the fluid.
ThisD-shapedregionisreferredtoasthe” spot” fromthispoint
on. The white regions surrounding the spot and extending
downstream (to theright) from the spot are abrasive particles.
This is evidence of the fact that abrasives move to the part
surface under the action of the magnetic field. Figure 83.45(b)
shows an interferogram of aremoval spot; itsoblique view is
shown in Fig. 83.45(c) (adapted from Ref. 18). The surface
before and after a removal experiment is evaluated using a
phase-shifting interferometer.?! The instrument software is
used to subtract the initial surface from the fina surface
containing the spot. Height variations on the resulting image

@ (b)

High-speed photograph
of contact zone

fe——>
~2.0cm

Flow direction

Interferometric data of polishing zone

G4996
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are dueto material removed from theinitial surface. The peak
removal rateisfound by dividing the depth of deepest penetra-
tion by the contact time between the part and MR fluid ribbon.

The proximity of the part and wheel surface changes dueto
the curvature of the wheel (and part, if polishing alens). The
location of the deepest and widest part of the spot showninthis
figure is approximately the position of closest approach be-
tweenthe part and thewheel surface. During polishing, the part
is rotated and swept through the polishing zone, allowing
material to be removed in annular regions over the entire part
surface. Computer-controlled dwell timesallow control of the
surface figure of the polished surface to a precision of A/20.18

Removal mechanisms on a macroscopic scale have been
previously considered.?223 Since the normal force on an
abrasive particle is low compared with conventional polish-
ing,24 a shear-controlled mechanism has been described.22:23
MR fluids are modeled as Bingham fluids with ayield stress
(~10 kPa) and small plastic viscosity (~0.5 Paes).17:22:23.25
Theflow of afluidwithayield stressthrough aconverging gap,
like the one between the rotating wheel and part surface in
MREF, allows the possible formation of unsheared regions
called “cores’ (seeFig. 83.46). These cores effectively reduce
the gap between thewheel and part surface and causeincreased
shear stresses on the downstream end of flow. While the
opacity of the MR fluid prevents visual confirmation of the
presence of these cores, material removal has been shown to
increase in the region where these cores are expected to be
located.23 In general, thelow normal loadingin MRF keepsan
abrasive particlein contact with the glass surface, but material
removal isprimarily controlled by the shear stressesapplied to
the abrasive through the bulk flow of the MR fluid.

(C) Figure 83.45

The spot in MRF. Flow is from left to right in all
parts of this figure. (&) An actual photo of the
contact region, or “spot,” on astationary meniscus
lens. (b) Interferogram of the material removed
from the spot. Interferometric characterization of
the spot gives aremoval function that a computer
program can useto vary dwell time of thisspot over
the surface. This alows precise control of the
figure during polishing. (c) An oblique view of the
spot. Thedeepest regionisat thetrailing edgeof the
flow and is approximately the position of closest
approach between the part and wheel.
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Experimental Considerations and Earlier
Screening Studies

The spot-taking machine (STM)—amachine similar to the
commercial MRF polishing machine?6—is used to perform
these material removal experiments[see Fig. 83.44(a)].1° The
only automated degree of freedom in the part motion on the
STM isthe height of the part above the rotating wheel. There
is no rotation or swing of the part, so a removal experiment
consists simply of making a spot on a flat part. Important
machine parameters are held constant for all removal experi-
ments. The vertical wheel rotates at 150 rpm, the MR fluid
ribbon height is 2.0 mm, and the part surfaceis placed 0.5 mm
into the MR fluid. The current to the electromagnet is kept at
15 A. This results in the magnetic flux density having a
horizontal component of about 260 kA/m, 1 mm above the
wheel surface.?’

Water loss due to evaporation from aqueous MR fluidsisa
concernduring removal experiments. If thisevaporationisleft
unchecked, the actual Cl concentration of the MR fluids, and
thereforetheviscosity andyield stress, will increase. The STM
monitorstheviscosity in real time and maintains the appropri-
ate CI concentration. An off-line moisture analyzer is used at
the beginning of each experiment to measure moisture content
intheMR fluid.28 Itistherefore possibleto cal cul atethe actual
Cl concentration for data analysis.

Theviscosity outside of the magnetic field ismeasured off-
line before each set of experiments using a cone and plate
viscometer?? whose shear rate may be varied from 0 to 960
1/s. These MR fluids are shear thinning, which meansthat the
apparent viscosity decreases as the shear rate increases. Be-
cause of this, the viscosity is monitored at only the maximum
shear rate since this is the approximate shear rate both in the
fluid delivery system and underneath the part during polishing.
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For all the experiments performed, the viscosity at 960 1/sis
60+20 cps. Asexpected, theviscosity tendstoincreasewiththe
amount of solidsin an MR fluid. Thisviscosity is kept low so
that it is easily pumped by the fluid delivery system.

Roughness measurements are made with two instruments.
Oneisawhite-light interferometer, which measurestherough-
nessover a0.25-mm x 0.35-mm areaand has a lateral resolu-
tion of 1.1 um.30 This interferometer is a valuable tool in
measuring the microroughness of a part. The second instru-
ment is an atomic force microscope (AFM), which measures
the roughness over asmaller region.3! Scans are performed in
contact mode over a 5-um x 5-pum-square region using 256
samples, at a rate of 1 Hz. This alows us to investigate
submicron features from polishing with a lateral resolution
approaching 20 nm. The vertical scaleis 15 nm for all AFM
scans presented here.

Each fluid is characterized on the magnetorheometer de-
scribed in previous work?3.25 to determine the dynamic yield
stress of thefluid. The MR fluids are tested at magnetic fields
with flux densities of 200 kA/m and 250 kA/m only, sincethis
isthenominal flux density at 15A onthe STM intheregion of
fluid/part interaction. Fixed conditionsfor other experimental
parameters on the magnetorheometer are polishing configura-
tion, 0.5-mm gap, and 3.33-rpm cup speed. The results of our
work on the magnetorheometer are shown in Fig. 83.47. The
data from this experiment were taken in the range of 40 vol%
to 45 vol% CI. The dynamic yield stress does not change for
Cl compositions greater than about 35 vol% CI but asymp-
totically approach values of about 15 kPa at 200 kA/m and
20 kPa at 250 kA/m for avariety of commercia Cl powders.
The yield stress of the MR fluid is also unaffected by the
incorporation of nonmagnetic abrasives at the low loading
used for these experiments.

Figure 83.46

Schematic showing the contact betweenthe MR fluid

Fo ~ and the glass. The first callout shows the internal
s structure of the flow. The removal rate increases in

i TL the region of the core due to the increased shear

stresses that result from the throttling action of the

G4997
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core. |If material removal is considered over a small
material volume, a Preston-type equation based on
the shear stress at the part surface can be used to
describe the removal process.
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Figure 83.47

Dynamic yield stress measured on the magnetorheometer for the MR fluids
used in removal experiments. Measurements were taken in the polishing
configuration, 0.5-mm gap and 3.33-rpm cup speed at fields with a flux
density of 200 kA/m and 250 kA/m. Theyield stressisapproximately 15 kPa
at 200 kA/m and 20 kPaat 250 kA/m for the fluids between 40% and 45% ClI
concentration—the region of interest for these experiments. This dataisfor
avariety of Cl types, both with and without abrasives. The type of Cl and
presence of abrasivesin thislow loading have no effect on thedynamicyield
stress of the MR fluid. Solid lines have been added only to aid the eye.

Theflow of an MR fluid between the part surface and wheel
iscomplicated. Theyield stress does not give afull represen-
tation of the forces applied to the part by the fluid during
removal 2223 Because of this, the pressure and the total drag
force applied to the part by the fluid are measured as well. A
pressure-sensing pad3? is used to measure the pressure distri-
bution applied to the part by the MR fluid. Measurements are
taken by adhering the sensor to the part surface and lowering
it into the MR fluid ribbon.

Thedragforceismeasured usingalinear transl ation stage, 33
a sapphire flat, and a 5-Ib (= 22.2 N) load cell.3* The inter-
action between the sapphire flat and the MR fluid forces the
linear stage in the direction of flow. The linear stage, free to
movehorizontally, isdrivenintotheload cell withaforceequal
tothedrag force applied by the MR fluid. Drag force measure-
ments are taken with the part at a depth of 0.5 mm into the
MR fluid for experiments with nonaqueous MR fluids and a
1.0-mm depth with aqueous MR fluids (drag force measure-
ments reported later for aqueous MR fluids without abrasives
weredoneat both 0.5-mmand 1.0-mmdepths). Whilethisdoes
not allow a direct comparison between pressure and drag
measurements, it is sufficient for an evaluation of the relative
performance of each fluid where the pressure and drag force
are considered separately.

To fully understand mechanisms of material removal in
MREF, therolesof thevariousconstituents of the MR fluid need
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to be separated and evaluated. I n previouswork, we described
how the nanohardness (H,4no) Of the magnetic carbonyl iron
(ClI) and nonmagnetic polishing abrasivescoul d be determined
through novel nanoindentation techniques.3>36 These results
were used to conduct initial screening experiments on the
importance of (1) the nanohardness of the Cl in nonagueous
MR fluids without abrasives and (2) the effect of gradually
adding DI water tothe MR fluid and how the DI water changed
abrasiveinteractionswith theglasssurface. 38 1t wasfound that
in nonaqueous MR fluids, Cl that was softer than the glass
surface slowly abraded material but did not penetrate the glass
surface. Harder Cl penetrated the glass surface. Adding DI
water turned on chemistry and changed the way hard particles
wereseentointeract withtheglasssurface, duetotheevolution
of a hydrated or underdense (corroded) layer that enhanced
rates of material removal. Removal rates were related to the
mechanical properties of the Cl and the glass. Surface mor-
phologies resulting from abrasive/part interaction were con-
sistent for three different glass types: BK7, LHG8, and FS.

M echanisms of Removal in MRF

The work described in this section is based upon our
previous screening studies. Aqueous MR fluids are used to
remove material from a fused-silica (FS)37 surface. These
MR fluids are made up separately of hard Cl (Hpgno =
11.7+0.8 GPa), soft Cl (Hgno = 2.2+1.0 GPa), and varying
amounts of nonmagnetic polishing nano-abrasives (cerium
oxide, aluminum oxide, and diamond). Variationsin the mate-
rial removal of FS (Hzn0 = 9.9£0.1 GPa) are monitored as a
function of abrasive type and amount.

To study the effects of DI water in polishing requires a
carrier fluid that suppressesthe chemical effects. A dicarboxy-
lic acid ester (DAE) hasadensity of 1.189 g/ml at 20°C38 and
aviscosity of 2.85 cpsat 23°C,39whichissimilar tothedensity
and viscosity of water, 0.982 g/ml and 1.0 cps, respectively.38
This alows the nonaqueous DAE-based MR fluid to have a
solids loading and rheology similar to the aqueous MR fluid.
Another advantage of the DAE is that water is soluble up to
8.3 wt% (= 7 vol%), which makes it possible to study the
chemical effectsof water incrementally. Removal ratesof BK7
glasswereshowntoincreaseexponentially withwater concen-
tration in this range (see Ref. 40).

The nine MR fluids studied here are summarized in
Table83.VIII. MRfluids1through 5 aremadeupwithacarrier
fluid and CI only. MR fluid 1 has 40 vol% soft ClI and
60vol% DAE; MR fluid 2 contains 40 vol % of the hard Cl and
60 vol% DAE. MR fluid 3 is the same as MR fluid2, except
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that 1 vol% DI water is added to the composition. MR fluids 4
and 5 arethe sameasMR fluids 1 and 2 except that MR fluids
4(soft Cl) and 5 (hard Cl) utilizeanagueouscarrier fluid (made
up of DI water and <1 vol% of stahilizing agents).

1. Removal Experiments Without Polishing Abrasives

Each MR fluid was used on the STM to put aremoval spot
on a 50-mm-diam FS surface initially polished flat to within
M421 and 0.9+0.1-nm rms roughness.3° Normal stresses were
measured as previously described. The peak pressure was
found to be 129+4 kPa for all tests. The drag force was
measured at a 0.5-mm gap and found to be 0.6+0.2 N. This
0.2-N variation ismeasured within threerepetitions of asingle
experiment and is due to the resolution of the cell. Removal
rates were determined interferometrically as described on
p. 162. Stated removal rates are the peak removal rate for a
single spot. Removal rates under identical conditionsin MRF
have been found to be repeatable to within 2.5% error.23

Theresults of this study are shown in Fig. 83.48. The areal
rmsroughnessisplotted agai nst the peak removal ratewith the
profilometer maps3C given. The number on each profilometer
map correspondswith the MR fluid number of the experiment,
and the arrow gives the flow direction of the MR fluid. MR
fluid 1, with soft CI, givesalow removal rate of 0.003 pm/min

UNDERSTANDING THE MECHANISM OF GLASS REMOVAL IN MAGNETORHEOLOGICAL FiNisHING (MRF)

and arelatively low roughness (2.3+0.1 nm) and leaves faint
groovesinthedirection of flow. No sleeksare apparent (sleeks
are defined as the pit-like features with comet tails). The
removal rateisstill low for MR fluid 2 (0.004 um/min) but the
areal rmsroughnessincreasesto 22.6+1.7 nm. Large numbers
of pitsand sleeks are seen asaresult of the hard CI. The effect
of adding asmall amount of water to MR fluid 2 isshown with
the result for MR fluid 3. The removal rate increases 2.5x to
0.010 um/min, and the areal roughness drops to 7.0+1.0 nm
rms. Also, the numbers of sleeksis reduced, and they tend to
becomelonger scratches. Using MR fluids4 and 5 for removal
experimentsfurther emphasizesthe effect of the DI water. The
removal rate increases from 0.01 yum/min (MR fluid 3) to
0.23 um/min for MR fluid 4 and 0.14 ym/min for MR fluid 5.
The 0.25-mm x 0.35-mm areal rmsroughnessvaluesfor these
two aqueous MR fluids are greatly reduced (0.8+0.2 nm for
MRfluid4, and 1.3+0.3for MR fluid 5). Also, the profilometer
scansclearly indicate many fewer sleeksthan for the nonague-
ous MR fluids. It isinteresting to note that the soft Cl-based
MR fluid 4 actually hasahigher removal ratethan the hard Cl -
based MR fluid 5. Otherwise, the presence of the DI water
significantly diminishes the effect of the CI particle hardness
in these experiments. Atomic force microscope images over
5-pum x 5-um areas show no significant differencesin the FS
surface for removal experiments with MR fluids 4 or 5.

Table 83.VIIl: Summary of the MR fluids used for material removal experiments.

MR Fluid Number Vol% ClI TCI Nanohardness DAE *Water Abrasive Type
(Gpa) (Vol%) (Vol%) (Amount, Vol%)
1 40 2.21.0 60 0 None
2 40 11.20.8 60 0 None
3 40 11.20.8 59 1 None
4 40 2.21.0 0 60 None
5 40 11.20.8 0 60 None
6 40-45 11.70.8 0 Balance Cerium oxide
(0-1.0)
7 40-45 11.70.8 0 Balance Aluminum oxide
(0-1.0)
8 40-45 11.70.8 0 Balance Diamond (0-0.1)
9 40-45 2.21.0 0 Balance Cerium oxide
(0-1.0)

*Aqueous MR fluids contain DI water and <1 vol% fluid stabilizers.
THardness measured with nanoindentation at 1 and 5 mN; FS nanohardness is 9.9+0.1 Gpa at tPr236 |oads.
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Figure 83.48

Aread (0.25-mm x 0.35-mm) rms roughness versus
peak removal rate on FS for MR fluids 1 through 5.
Thesoft Cl (MR fluid 1) isableto remove material at
avery low ratein the absence of the chemical effects

B of water, but does not pit the surface. The hard CI
without water (MR fluid 2) gives low removal and
high roughness as the hard Cl leaves pits and sleeks

Fl : in the softer FS surface. The addition of 1 vol% DI
. water to MR fluid 3 decreases the number of sleeks,

which results in a decrease in roughness, and in-
creasesremoval rate. Fully aqueous MR fluids 4 and
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2. Removal Experiments with 40 vol% to 45 vol% ClI

and Nonmagnetic Nano-Abrasives

Table83.VIII alsoliststhecompositioninformationfor MR
fluids6through 9. Thesamehard and soft Cl powdersthat were
used in the previous experiments are used here. Table 83.1X
summarizesthe properties of three different types of nonmag-
netic abrasives used in combination with the CI's. These
abrasives are nano-cerium oxide,* nano-aluminum oxide, %2
and nano-polycrystalline diamonds.#3 The cerium oxide and
aluminum oxide abrasives are described in the product litera-
ture* asloosely bound agglomerates approximately 10 umin
size. It should be possible to disperse them down to agglomer-
ates of a few hundred nanometers with moderate milling.
Cerium oxidefrom an MR fluid wasrecently sized after being
used inthe STM. The mean diameter of the cerium oxide used
for 10 days was found to be 0.125 um and that used for only
2 hwas>0.3 um.*® Themilling that occursin the STM among
these particles and the Cl breaks up any loose agglomerates.
Thestated primary particlesizesare 37 nmfor thealuminaand
11 nmfor the cerium oxide.446 The polycrystalline diamonds
have a particle size of about 0.125 ym and are made up of
crystalsapproximately 10 nminsize.4’ Theadvantageof using
these nanoabrasivesisthat their particle sizes are similar, and
they can beintroduced in small quantities to the aqueous MR
fluid without causing large changes in MR fluid rheol ogy.

Noticefrom Table83.V1II that the cerium oxide and alumi-
num oxide are added in concentrationsranging from 0 vol%to
1.0vol%, whilethediamondsareadded in avolumeloading up
toonly 0.1vol%. Thisisdueto thefact that the diamondshave
an immediate and dramatic effect, whereas the other, softer
abrasiveshaveamore gradual effect. Also, duetothe high cost
of diamonds (= $10/gram versus = $0.10/gram for cerium
oxide), their addition into the MR fluid was halted as soon as
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5 show a decrease in pits and sleeks, decrease in
10 roughness, and dramatic increase in removal rate.

the removal rate appeared to be unaffected by the addition of
more diamonds. The difference in the performance of these
abrasivesis found to be significant even in the small volume
loadings given here.

The next step in these experimentsis to gradually add the
nonmagnetic abrasivesinto the MR fluid. Figure 83.49 shows
theremoval rate for FS as afunction of cerium oxide concen-
tration for experimentsdonewith MR fluid 6 at 245 vol% hard
Cl concentration. The5-pum x 5-umAFM scansrepresentative
of the FS surface at agiven concentration of cerium oxide and
their cross-sectional profilesare also givenin thisfigure. The
15-nm scale length given in Fig. 83.49 (and Fig. 83.50) is
appropriate for each profilein the figure. The AFM scans are
shown because their lateral resolution (approximately 20 nm)
allowsfor better characterization of an abrasive’sperformance
than the 0.25-mm x 0.35-mm profilometer maps do (lateral
resolution = 1.1 um). The white arrows in these AFM scans
indicatethedirection of flow. Theremoval rateincreasesfrom
0.62 um/min with no cerium oxide to 0.94 um/min with only
0.05v0l% cerium oxide. Distinct scratches caused by the smal|
amount of cerium oxidein the MR fluid become apparent. The
removal rate climbs to 3.01 ym/min when the cerium oxide
concentration isincreased 10x to 0.5 vol% cerium oxide. The
removal rate increases further, to 3.51 um/min, as the cerium
oxide concentration isincreased to 1.0 vol%. The areal rmsis
0.9+0.1 nmfor the scansin thisfigure. It isclear that not only
does the cerium oxide become responsible for material re-
moval but also a change in the surface morphology becomes
apparent. These scans give more evidence that cerium oxide
moves into the layer between the Cl and the glass surface and
becomesthe primary agent for material removal. When cerium
oxide is added to the MR fluid, the CI particle is no longer a
primary abrasive. The increase in the number of polishing
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grooves or scratches caused by the increase in nonmagnetic
abrasive concentration is seen for all three types of honmag-
netic abrasives.

Additional information can be gained by considering the
differencesin morphology of the FS surfaces for the different
abrasives used in polishing. Figure 83.50 shows the removal
ratesfrom experiments using the MR fluidswith 45 vol % hard
Cl and the maximum loading of the three nano-abrasives used

UNDERSTANDING THE MECHANISM OF GLASS REMOVAL IN MAGNETORHEOLOGICAL FiNisHING (MRF)

for these experiments. Thelowest removal rate here (0.62 pm/
min) isfor the MR fluid without nonmagnetic abrasives. When
1.0 vol% aluminum oxideis added, the removal rateincreases
to 1.0 um/min. Removal rates are even higher for the other
nonmagnetic abrasives. 3.51 um/min for 1.0 vol% cerium
oxide, and 4.66 um/min for 0.1 vol% diamond. An examina-
tion of the 5-um x 5-um AFM maps in Fig. 83.50 shows
differencesin how these three nonmagnetic abrasivesinteract
with theglass surface. The scan for the MR fluid with 45 vol%

Table 83.IX: Summary of particle size information for the nano-abrasives used.

(nm)

Primary Particle Size

Aggregate Size | Agglomerate Size
(um) (um)

Cerium Oxide 11

15 3.0

Alumina 37

0.3 N/A

Diamond 10

0.125 N/A

Figure 83.49

Removal rate versus concentration of cerium oxide
for experiments using MR fluid 6 (each MR fluid
contained 45 vol% hard Cl and the aqueous carrier
fluid). Theremoval rateincreaseswith ceriumoxide
concentration, leveling off at about 3 pm/min. The
inset AFM scans and accompanying profiles show
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evolution of themorphol ogy of the FS surface asthe
abrasive is added. The cerium oxide moves to the
interface between the ClI and the glass to control
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Figure 83.50

Removal rate as afunction of abrasive typefor MR
— fluids with 45 vol% hard Cl and the maximum
amount of abrasive used during these experiments
(only up to 0.1 vol% diamond was used due to its
b high cost and high removal rates). The three abra-
sive types affect removal rates to varying degrees
dueto differencesin how each interactswith the FS
surface. Aluminum oxide gives deep (= 4 nm) dis-
continuous grooves; cerium oxide gives shallower
(=1 to 2 nm), continuous grooves; and diamond
givesdeep (=4 nm) continuous groovesinthedirec-
tionof flow. Characteristicsof thepolishing grooves
help explain differences in removal rates for the
three types of nano-abrasives.

0.1vol%
diamond
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hard CI without nonmagnetic abrasivesisthe same scan shown
inFig.83.49. It hasanareal rmsof 0.8 nm. Thealuminumoxide
does not appear to continuously scratch the surface; instead,
there appear to be several small discontinuous scratches at the
FS surface. Thisleadsto the lowest removal rates for the MR
fluids containing nonmagnetic abrasives and an areal rms
roughnessof 1.2 nm. The cerium oxide giveswide, continuous
scratches over the scanned region and an rms roughness of
0.9 nm. Finally, thediamond givesdistinct narrow, continuous
scratches along the direction of flow. The areal rmsroughness
for thisscanis1.4nm. Moredifferencesinthebehaviorsof the
abrasives are observed and are discussed below.

Differencesin the M echanics of Removal for Aqueous
MR Fluids

Figure83.51 showstheremoval ratefor MR fluidsmade up
of 45 vol% hard CI and increasing amounts of nonmagnetic
abrasives. Small amountsof diamond causedramaticincreases
in removal rates. Cerium oxide increases removal to alesser
degree, and the aluminum oxide increases removal to an even
lesser degree. These removal rates tend to level off at higher
nonmagnetic abrasive concentrations. A certain minimum
amount of nonmagnetic abrasive is needed to maximize the
effectiveness, but there is a point where the addition of more
abrasive has little or no effect on the removal rate. This has
been shown to betruein more conventional polishing methods
aswell. | zumitani4 showed amaximum in polishing efficiency
of BK7 glassat about 1.5 vol% (10 wt%) ceriumoxide. Itisnot
clear whether this polishing wasdone on pitch or onapolyure-
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Figure 83.51

Removal rate versus vol% abrasive for 45 vol% hard Cl and the aqueous
carrier fluid. Thediamondsare shown to have animmediateimpact, dramati-
cally increasing removal with less than 0.1 vol% concentration. The cerium
oxidegradually increasesremoval. The aluminum oxide provesineffectiveat
increasing removal rates.
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thanelap. Silvernail and Goetzinger8 show similar behavior on
felt and Pellon laps. Their result depends on the applied pres-
sure, but most of their removal rateslevel off above 1.5 vol%
cerium oxide. Presumably thismeansthat oncethe contact zone
between the Cl and the glass surfaceis saturated with nonmag-
netic abrasive, further addition of abrasivesis unnecessary.

The reason for the relative effectiveness of each particle
typeisnot clear, but theseresultsdo agree with AFM measure-
ments as well as with the experiments with nonaqueous MR
fluids. The cerium oxide grooves are approximately 1 nm to
2 nmdeep, whereasthe aluminum oxide and diamond grooves
are approximately 4 nm deep.*? The diamonds, the hardest
particles, exhibit distinct continuous scratches, which leadsto
high removal rates. The cerium oxide al so scratches the mate-
rial in a continuous manner, but the scratches are less severe,
which leads to an intermediate removal rate. The lowest
removal rate isfor the aluminum oxide particles, even though
they give features deeper than those from cerium oxide and as
deep as those from diamond. The scratches associated with
these aluminum oxideparticlesarediscontinuous. Therelative
hardness values of the aluminum oxide and cerium oxide
particles are not known because these particles are too small
for nanoindentation experiments. Nanohardness tests donein
aprevious work3® showed that it is possible for an aluminum
oxide particle to be either very much harder than a cerium
oxide particle or of comparable hardness. Even if the relative
hardness values are not known, however, differences in re-
moval rates should not be surprising after viewing the AFM
scans. The continuity of contact between the abrasives and
glass surface is important for high removal rates. The dia-
mond and cerium oxide have this continuous contact whilethe
auminum oxide does not. The previous study38 with the
nonaqueous MR fluids without nonmagnetic abrasives (MR
fluids 1 and 2) gave a similar result. The soft CI removed
material from BK7 and LHG8 more efficiently than the hard
Cl. Thistrend changed somewhat when FSwas used, probably
because removal rates were so low and the hardness of FSis
nearly the same asthe hard CI. The proposed phenomenol ogi-
cal explanation was that the soft CI could not penetrate the
surfaceand wasableto maintain contact with ashallow surface
layer. The hard CI gave sleeks and pits and seemed to “skip”
alongthesurface, causing discontinuity of contact betweenthe
abrasive and the glass surface. The reduced removal rate for
aluminum oxide caused by discontinuity of abrasive/glass
contact is consistent with these results. This may also be a
partial explanation asto why Kallerl® recommends abrasives
that are softer than the bulk material and |zumitani# recom-
mends abrasives with the same hardness of the hydrated |ayer.
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Several referencessupport theserel ativeremoval rates. The
aqueous MR fluids have an approximate pH of 9. In Ref. 10
Cook analyzes work from othersthat shows cerium oxideisa
much more efficient polisher than aluminum oxide in the pH
range of 7 to 9. Cumbo®! showsthat cerium oxide hasahigher
removal rateon FSthanaluminumoxideon FSat pH 10. Kaller
and Cook give possible explanations for the effectiveness of
cerium oxide. Kaller® explains that |attice defectsin cerium
oxide crystals allow cerium oxide to grip the material better
and therefore enhance removal rates. Cook’s!? explanation is
that the near neutral charge on the cerium oxide surface at this
pH improves itsion exchange ability. The increased removal
rate for diamond could be due to similar reasons. Its high
hardness gives an explanation for the deep, distinct polishing
grooves. The continuous contact maintained by the diamond
could be explained by the fact that these diamonds are created
by an explosion process,*” which would likely result in many
|attice defects. Kaller's explanation for cerium oxide provides
support for the efficient removal seen withthe MR fluidswith
diamond abrasives.

Figure 83.52 shows the removal rate as a function of Cl
concentration at the maximum nonmagnetic abrasive concen-
trations for the three abrasives used during these experiments.
Noticethat thedatafor MR fluids 6 (hard Cl and cerium oxide)

; e i
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Cl (vol %)

Removal rate (um/min)
ORrR NWAOUOO®
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Hard Cl

4 0.1% diamond
m 1.0% aluminum oxide
A 1.0% cerium oxide

Soft Cl
A 1.0% cerium oxide
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Figure 83.52

Effect of the CI concentration on removal with maximum amount of abrasive
present. Once again the diamonds prove to be the most efficient, reacting
strongest to the increase in Cl concentration. The cerium oxide data consist
of both hard and soft ClI. This showsthat the hardness of CI isunimportantin
the presence of the abrasive.
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and 9 (soft Cl and cerium oxide) coincide. This is more
evidencethat thetypeof Cl isunimportant in agueousenviron-
ments with nonmagnetic abrasives, when the Cl actsonly asa
lap. This plot shows the general trend that an increase in Cl
concentrationleadsto higher removal ratesandthat therel ative
increaseinremoval rateislargely related to the abrasive type.
The nonmagnetic abrasives efficiently increase removal rate
and decrease roughness. The diamonds are 10x more efficient
than cerium oxide and aluminum oxide.

Figure 83.53 shows how the removal rate changes with
pressure and drag force (pressure and drag force changed as a
result of varying Cl concentration but keeping the nonmag-
netic abrasive concentration and wheel velocity constant).
Figure 83.53(a) shows the removal rate as a function of drag
force at the maximum nonmagnetic abrasive concentration
used for theseexperiments. Figure 83.53(b) showstheremoval
rate as a function of the peak pressure. Both drag force and
pressure scale with removal rate in a linear way, which is
consistent with considerations such as Preston’s equation®
discussed at the beginning of this article. The slopes of these
lines (related to a Preston-type coefficient) depend on thetype
of abrasive used. The linear fits for the drag force tend to go
through the origin, whereas they do not for the pressure. This
supports the theory that in MRF the shear stress controls
removal of material.

The drag force as a function of nonmagnetic abrasive
content at a constant Cl concentration is plotted in Fig. 83.54
for MR fluids6, 7, and 8. Asnonmagnetic abrasives are added,
thedrag forceisreduced. Thisisonceagain consistent with the
idea that nonmagnetic abrasives move to the region between
the Cl and the glass surface. All of the curves start at approxi-
mately the same initial drag force of about 5.5 N without
nonmagnetic abrasive. While the MR fluid lap yields and
conforms to the part surface, the magnetic field gives it a
certain rigidity that makes it relatively difficult to shear. It is
almost a two-body abrasion problem. This changes when
nonmagnetic abrasives are added. They are forced to the glass
surface because of the gradient in the magnetic field. At this
point, the process becomes athree-body abrasion system. The
magnetically stiffened ClI formsthe polishing lap that supports
the free abrasives against the glass surface. Thisis similar to
loose abrasive polishing on a conformal lap.

Consider the relative reductions in the drag force. The
diamondsare seento reducethe drag force dramatically, while
increasingtheremoval ratejust asdramatically. Adding alumi-
num oxide to the MR fluid also significantly reduces the drag
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force, but adding cerium oxide hasvery little effect. Thisdoes
not correlatewithremoval but may beinterestingfor adifferent
reason. Severa authors (see, for example, Refs. 10 and 15)
hypothesizethat oneof thereasonscerium oxideisasuccessful
polishing agentisbecauseof itsability to chemically bondwith
theglasssurface. Thisplot may begintogivephysical evidence
of this phenomenon.

All of these results suggest the use of a modified Preston
equation to describe material removal in MRF. Consider
Eq. (2). If acoefficient of friction ispulled out of Cp, it can be
written as

dZ—C' uL ds

T=cp ©

A dt

Theterm Cp isanew Preston coefficient and pisacoefficient
of friction. Thefriction coefficient multiplied by anormal load
gives adrag force (Fp) and Eq. (3) becomes

dz FD ds

—=Cp——. 4
dt P A dt @
Finally, if this is considered over a very small volume of
material (see callout on right in Fig. 83.46), the term Fp/A is
simply thelocal shear stressat thepart surface. Thiswould give
aremoval rate description similar to Preston’s equation based

on the local shear stress (1) at the part surface

ds

Previous work?2:23 has shown that spot profilesare consis-
tent with the shear stress distribution at the part surface. The
remaining two termsin Eq. (5) are not yet fully understood.
Therelative velocity (ds/dt) isdifficult to definein MRF. This
velocity could be the relative velocity between the wheel and
the part surface, but since the Cl in the MR fluid actually
supplies the lap, it is more correct that ds/dt is the relative
velocity between the Cl andtheglasssurface. Thisisnot easily
determined at this time. In fact, the behavior of the different
abrasivesin different MR fluids may indicate that thisrelative
velocity dependsontheabrasivetypeused. Thewheel velocity
wasthe samefor all of the experiments described here, so this
term was held as constant as possible in terms of controllable
experimental parameters.

This work has also shown that, as for other polishing
processes, it is difficult to define the Preston coefficient (Cp)
inMREF. Thisterm containsinformation onthechemistry of the
carrier fluid, abrasive type, and glass type. Lambropoulos
et al.3 showed that the removal ratein MRF is proportional to
the term E/KCH,% of the glass (E = elastic modulus, K; =
fracturetoughness, and Hx =Knoop hardnessof theglass). The
experiments described here show that the removal rate de-
pends on the abrasive type as well as the concentration. Asa
result, this coefficient would also have to contain information
about the abrasive type used for a given MR fluid (probably
size, shape, and hardness as well as the tribochemical “grip-
ping” 15 power). Finally, it was shown that the presence of DI
water dramatically changeshow theabrasiveinteractswiththe
glasssurface. Therefore, information onthechemical make-up

at Cpt dt ) of the carrier fluid must also be contained in this coefficient.
(@ (b)
< 6 f f r ! * f Figure 83.53
S 5 1 - Increas ng_CI 1 Removal rate versus drag force (a), and re-
E 4 A _| L concentration _ moval rate versus peak pressure (b). Removal
Py - rate increases linearly with pressure and drag
® 3 A 1 7] force. The linear fits for the drag force go
< 2 R2=079% | = AOAA 1 through the origin with high correl ation coeffi-
5 1 B < | cients, but do not for the pressure. This means
§: 0 R?= 0-8698 that there can be removal with a nonzero pres-
sure, but with no drag force (therefore no shear
35 40 4 %0 0 o0 100 150 200 250 stress) there will be no removal. This supports
Drag force (N) Peak pressure (kPa) theideathat shear stress controls removal rate
in MRF.
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170

LLE Review, Volume 83



z
(]
(&)
S
3
a Diamond
2 | |
00 02 04 06 08 10
Abrasive (vol%)
G5005
Figure 83.54

Effect of adding abrasiveto MR fluids 4, 5, and 6 containing 45 vol% Cl. In
each case the addition of abrasive reducesthe drag force, supporting theidea
that MRF becomes a three-body abrasion problem. The cerium oxide main-
tains a high drag force, which supports the theories that cerium oxide has
“chemical tooth.”

Summary

The mechanisms of material removal in MRF have been
presented. Previouswork describeshow the shear stressdueto
the hydrodynamic flow of the MR fluid between the rotating
wheel and the part surface controlsthe removal rate. Theidea
that material removal depends on the shear stress at the part
surfaceissupported by thelinear relation betweenremoval rate
and the total drag force shown here. It has also been shown
previously that the nanohardness of the CI is important in
material removal with nonaqueous MR fluids. We show here
that asDI water isadded to the MR fluid, thedifferencesin the
behavior of the hard and soft Cl becomeless significant asthe
removal rate dramatically increases for both. This is due to
either the presence of a hydrated layer or reduced fracture
toughness of the glass in aqueous MR fluids. The addition of
nonmagnetic nano-abrasives increases removal rates further
since they move to the interface between the CI and the glass
surface to control material removal. A transition from two-
body to three-body removal is hypothesized. The relative
increase in removal depends on the amount and type of the
abrasive since different abrasives interact with the glass sur-
facein different ways. Thisbehavior of the abrasiveisevident
from both AFM scans as well as drag force measurements.
More work should allow these results to be summarized in a
modified Preston equation based onthelocal shear stressat the
part surface.
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