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Introduction
Polymer optics are typically manufactured by injection mold-
ing (thermoplastics, high volume, economical), compression
molding (thermosets, higher precision, and larger sizes), or
diamond turning. Once formed by these techniques, polymer
components are used �as manufactured,� usually without fur-
ther cold working to improve surface finish or figure. This is
because optical polymers are soft and possess high linear
expansion coefficients and poor thermal conductivities.1 At-
tempts to improve surface finish and figure using conventional
grinding and polishing processes usually result in scratching,
the embedding of abrasive particles, the formation of �orange
peel,�2 and degradation to surface figure. There are circum-
stances when it would be desirable to perform a classical
polishing operation on a polymer surface. In some instances it
is desirable to drive rms surface roughness values below 2 to
4 nm in preparation for deposition of a coating. In other
applications, reduced surface form errors are required. It is
advantageous to eliminate the unwanted flare from diamond-
turning marks on polymer optics in order to test prototype
imaging system designs.

Magnetorheological finishing (MRF) is a new polishing
process that was invented and developed by an international
group of collaborators at the Center for Optics Manufacturing
(COM) in the mid-1990s3 and commercialized by QED Tech-
nologies, Inc. in 1997.4 MRF is based on a magnetorheological
(MR) fluid consisting of nonmagnetic polishing abrasives
(typically CeO2 or nanodiamonds5) and magnetic carbonyl
iron (CI) particles in water or other carriers. With the appropri-
ate MR fluid, MRF has successfully polished a variety of
materials to subnanometer rms surface-roughness levels with
peak-to-valley (p�v) form accuracies to better than 20 nm.
Polished materials include optical glasses (fused silica, BK7,
SF6, LaK9), hard crystals and polycrystalline glass-ceramics
(silicon,6 sapphire,7 Zerodur, and Nd: YLF8), soft UV and IR
materials (CaF2,9 AMTIR-1,10 polycrystalline ZnS,10 and soft
phosphate laser glass), and soft, water-soluble potassium dihy-
drogen phosphate (KDP) frequency-conversion crystals.11

Polishing PMMA and Other Optical Polymers
with Magnetorheological Finishing

A normal force of the order of 0.01 N between the abrasive
particle and the part is the key to removal in most classical
polishing processes. In MRF, however, there is almost no
normal load.12 Figure 96.38 shows a schematic of a part being
placed into a ribbon of MR fluid. Shear stresses in the converg-
ing gap and the lateral motion of polishing abrasives across the
part surface cause material removal without subsurface dam-
age, leaving extremely clean, pit- and scratch-free surfaces.
This has been shown to minimize the embedding of polishing
powders,13 and it suggests that MRF is an excellent candidate
for polishing polymer optics.

The following sections describe our work to polish optical
polymers with MRF. Materials of interest include polymethyl-
methacrylate (PMMA), cyclic olefin polymer (COP), polycar-
bonate (PC), and polystyrene (PS). Goals for removal rate,
surface form error reduction, and surface microroughness
reduction are established; materials of interest and forms of
supply are identified; metrology instrumentation and testing
protocols are given; and MRF platforms are briefly reviewed.
No single MR fluid was found to be entirely successful in
smoothing all polymers tested; therefore, results are presented
for several MR fluid and polymer combinations. Variations in
the type of nonmagnetic polishing abrasive were seen to make
a difference in the ability to polish. Surface degradation ob-
served for some polymers was overcome by changing the
polishing abrasive in the MR fluid. Encouraging results for
PMMA are described in detail. It was possible to demonstrate
both surface figure correction and smoothing in the same
processing sequence. Diamond-turning marks were elimi-
nated. Finally, the thermalization issue in cold working of
optical polymers is discussed within the context of experi-
ments that encountered long metrology cycle times and long-
term figure instability.

Methodology
1. Polymer Materials and Forms of Supply

Polymers used in this work and their trade names are
identified in Table 96.I, where they are rank ordered by
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hardness.14 Forms of supply consisted of molded plano cou-
pons, used as received, and/or rod stock that was subsequently
diamond turned into plano pucks prior to use. Initial roughness
values for the surfaces of the molded coupons (areal, 250 mm
by 350 mm; see Metrology and Testing Protocols, p. 241, for
metrology protocols) were in the range of 300 nm to 1600 nm
p�v and 2 nm to 11 nm rms. Molded-coupon surfaces were not
sufficiently flat to allow for interferometric form metrology.
Initial roughness values for the surfaces of the diamond-turned
pucks were in the range of 50 nm to 1500 nm p�v and 4 nm to
17 nm rms. Flatness values for the diamond-turned pucks were
less than 5 mm p�v (95% aperture).

Table 96.I:  Polymer materials, forms of supply, and sizes.

Polymer Trade Name Rockwell
(M hardness)

Form Size
(mm diameter × thickness)

Ref.

PMMA Acrylic 97 Molded coupons
Rod stock for pucks
Rod stock for pucks

50 × 2.5
48 × 25
38 × ~8

(15)
(16)
(17)

PS Dow Styrene 90 Molded coupons 50 × 2.5 (15)

COP Zeonex 89 Molded coupons
Rod stock for pucks

50 × 2.5
75 × 25, 50 × 8

(15)
(16)

PC Lexan 70 Molded coupons 50 × 2.5 (15)

2. MRF Machine Platforms and Screening Experiments
Three MRF platforms were used to carry out experiments.

The principal author and her lab partner18 conducted an initial
screening experiment in late 2001 on the permanent magnet
machine (PMM),19 a test bed primarily intended for under-
graduate training in the basics of MRF. The goal of this work
was to examine only the smoothing capability of nanodiamond
abrasives contained in one of the commercial MR fluids,
although the exact MR fluid formulation used was experimen-
tal and not entirely aqueous-based. A 60-s-duration circle
was polished into a molded coupon at a part rotation rate of
200 rpm. Results for the four polymers listed in Table 96.I were
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Polishing with MRF. (a) The rotating wheel carries the MR fluid ribbon under the part. (b) With the application of a magnetic field, the carbonyl iron particles
form an organized structure and are pulled down toward the increasing gradient in magnetic field. Water and the polishing abrasive remain at the surface of
the ribbon. (c) A converging gap is formed by placing the part into the ribbon. Solid cores of magnetic fluid form before and under the part, forcing the abrasive
particles into a thin, ~150-mm channel with high velocity. Shear against the part surface causes material removal with negligible normal force.
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encouraging, showing that rms roughness levels of the order of
1 to 3 nm could be achieved.

In early 2002, a series of experiments were conducted on
diamond-turned PMMA and COP pucks using an MRF re-
search platform called the spot-taking machine (STM). As pre-
viously described,11 the STM is used to take spots on stationary
part surfaces; it cannot be used to polish out a surface. The STM
is intended for evaluating long-term MR fluid stability, mate-
rial-removal rates for new MR fluids and/or new materials,
spot shapes, and in-spot roughness. (In-spot roughness is
higher than that achieved with polishing on a rotating part.)
Results for experimental MR fluids revealed differences be-
tween the two materials under identical test conditions. Peak
removal rates as large as 10 mm/min and 20 mm/min were
obtained for COP and PMMA, respectively. These results did
not correlate with material hardness. In-spot roughness values
for both materials were reduced to 3 nm rms (COP) and 6 nm
rms (PMMA). Diamond-turning marks were eliminated inside
a spot taken on the COP part.20

Most of the experiments reported in this article were con-
ducted during 2002 and 2003 on the QED Technologies
Q22Y21 machine used in rotational mode and programmed for
uniform removal of material and/or for figure correction.
Commercial CeO2-based and nanodiamond-based MR
fluids, as well as a number of experimental MR fluid formula-
tions, were used under normal and �gentle� operating condi-
tions. Experiments were performed with either the standard
150-mm-diam wheel installed in the machine or a smaller
50-mm-diam wheel. Wheel size affected spot size and removal
rate, but it was assumed not to be an issue in evaluating
smoothing of surfaces for different abrasives. Parts were
mounted in the Q22Y work spindle using vacuum chucks and
adapters provided with the machine. This facilitated easy
removal of parts for in-process and post-process metrology,
without the need for blocking and deblocking with waxes.

3. Metrology and Testing Protocols
The purpose of the work in 2002 and 2003 was to evaluate

the potential of using MRF to process optical polymers. Spe-
cific objectives were to establish material-removal rates and to
demonstrate reductions in surface roughness (white-light in-
terference microscopy22) and in surface form errors (phase-
shifting laser interferometry23). Metrology was performed in
a room (T = 68±1∞F) separated from the Q22Y, which was
located on the shop floor (T = 71±1∞F). Spotting was done on
designated parts to determine removal rates for a given MR
fluid on each polymer. For this, the Q22Y was automatically

programmed to take a series of four individual spots on the part
surface. The spots were then evaluated interferometrically and
reprocessed by the Q22Y software to calculate average peak
removal rates.

Surface roughness was evaluated in either of two ways:
Polymer coupons not previously spotted were rotated and
polished with uniform removal runs. Five sites, randomly
distributed over the part surface, were sampled after polishing
for rms roughness. Standard instrument settings22 were em-
ployed. For some experiments with ZrO2, the data were pro-
cessed with an 80-mm high-pass filter. Diamond-turned pucks
were evaluated for roughness in the same manner after 0.5-mm
uniform removal runs, and/or after figure correction runs
based upon interferometrically determined surface form error
maps and removal spot data. Single-surface polishing experi-
ments and one experiment to polish out both sides of a puck
were performed.

Several adjustments were made in the metrology lab as a
result of mounting and thermalization issues that were encoun-
tered. Metal sample-mounting clamps in the interferometer
were covered with pads to broaden and reduce zones of high
contact pressure on the part barrel. Thermal equilibration of a
puck was performed each time it was returned to the metrology
lab for testing by covering it with lens tissue and placing it
between copper plates for 30 min.

4. Nonmagnetic Polishing Abrasives
Two magnetorheological (MR) fluids are currently in wide-

spread industrial use: One composition consists of micron-
sized CeO2 powder in an aqueous suspension of magnetic
carbonyl iron (CI) powder, which has been found appropriate
for almost all soft and hard optical glasses and low expansion
glass-ceramics. Preparation of this standard MR fluid and its
performance have been described previously.24 The second
composition uses nanodiamond powder as the polishing abra-
sive, which is appropriate for calcium fluoride, IR glasses, hard
single crystals like silicon and sapphire, and very hard poly-
crystalline ceramics5,11,24 like silicon carbide. Both of these
MR fluids were evaluated in this work, even though the
abrasives in them are not commonly used for polishing poly-
mers. Considerations leading to a choice of alternative polish-
ing abrasives25 are complex. Not only do the hardness and
chemistry of the abrasive grains need to be appropriate to soft
polymers, but the type of abrasive (e.g., crystal structure,
purity, median size, friability, and surface chemistry) can
appreciably affect MR fluid rheology and polishing efficiency.
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It has been documented that MR fluid properties in the
circulation system of an MRF machine remain constant over a
12-h work day to better than ±1% with either of the standard
mixtures, resulting in removal rates that are constant to the
same level.26 Alternative abrasives must be capable of forming
stable suspensions at high solids concentrations without ag-
glomeration and with good redispersibility. Due to the high
concentration and high density (e.g., 7.5 g/cm3) of CI parti-
cles, the MR fluid must be designed to also protect against
sedimentation (both static and dynamic) and corrosion. MR
fluid pH levels must be kept alkaline when developing new
polishing abrasive formulations, again in order to prevent
sedimentation and corrosion. A serious reduction in the corro-
sion resistance was documented for an MR fluid made with a
commercial cerium oxide powder that had been milled with an
acid during manufacture.27 Another consideration is the poten-
tial for abrasive milling by the CI particles, which are known
to be harder than most polishing abrasives.28 If this occurs at
all, rapid attrition of abrasive median particle size might be
preferred to attrition that occurs over a long time period. That
said, it has been possible to develop and examine stable
aqueous-based MR fluids containing a wide variety of metal
oxide polishing abrasives.

Table 96.II:  Abrasive particles incorporated into MR fluids for polishing polymers.

Dry
abrasive

Purity(b) pH
in DI
water

Primary
particle
size(b),33

Median
size(c)

Comments

CeO2
(a) >95%

rare
earths

7.5 N/A 1.6 µm Milling in MRF machine(d) increased vol % of particles
<0.6 µm from 3 (3 h) to 15 (48 h); size distribution unchanged
for next 10 days

CeO2
(solution)

91% N/A 40 nm 96 nm (b)Provided as 20.9-wt% solids in pH7.4 solution; size
distribution unchanged after milling in MRF machine(d)

for 7 days

Diamond(a) with
graphite

2.5 4 nm 1.4 µm Milling in MRF machine(e) increased vol % of particles
<0.6 µm from 0.5 to 21 in 7 days

SnO2 99% 4.7 N/A 370 nm Large agglomerates broken up with intensive sonication

ZrO2 98% 7.5 200 nm 1.8 µm Milling in MRF machine(d) increased vol % of particles
<300 nm from 2 to 11 (4 days) to 72 (11 days)

Al2O3 99%
γ phase

4.7 33 nm 93 nm Milling in MRF machine(e) increased vol % of particles
<225 nm from 0 to 75 in 24 h

TiO2 99.5%
rutile

10.2 10 × 40 nm
needles

2.8 µm Milling in MRF machine(d) increased vol % of particles
<1.0 µm from 2 to 8 in 14 days; aggregates remained

SiO2 99.8% 4.7 40 nm N/A (b)Amorphous, fumed, crystalline-free, hydrophilic

(a)Standard MR fluid constituent; (b)information supplied by vendor; (c)powder dispersed in DI water with a surfactant
and intensively sonicated prior to sizing;33 (d)peristaltic pump system on Q22Y—less aggressive; (e)centrifugal pump
system on STM—more aggressive.

All abrasives used in this work were obtained from com-
mercial sources as dry powders, except for the second CeO2
sample, which was provided as a suspension. Descriptive
information for each abrasive is given in Table 96.II without
any specific commercial product designations. Use of SnO2,29

ZrO2,30 Al2O3,29,31 and SiO2
31 was motivated by the exist-

ence of these as commercial formulations intended specifi-
cally for conventional polishing of polymers. Particle size and
the availability of abrasive composition data from the vendor
were also important considerations. As shown in the table,
many agglomerated micron-size powders were broken down
with time into smaller submicron aggregates32 as a result of
milling by the MR fluid. This was not the case for the TiO2
sample, which appeared to be strongly aggregated.

Results
1. Peak Removal Rates and rms Roughness

The forms of supply limited the experiments that could be
conducted. Because of their poor surface form quality, cou-
pons of PS and PC were polished with uniform runs, removing
an indeterminate amount of material, to yield roughness data.
[No spots could be taken on these parts to interferometrically
determine removal rates, and therefore spot data from PMMA
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Table 96.III:   Peak removal rates and lowest achieved rms roughness values for polymers with different abrasives in MRF.

PMMA

Acrylic

PS

Dow Styrene

COP

Zeonex

PC

Lexan

Polishing

Abrasive

(vol % CI) Puck Coupon Coupon Puck Coupon Coupon

[peak removal rate, µm/min](d)

lowest rms roughness (nm)(e)

CeO2
(a,b)

(36)

[4.0]

1.6±0.1

[3.5]

1.9±0.7(f) 1.45±0.06

CeO2 solution(c)

(45)

[13.6]

3.9±1.1 157±27

[4.2]

13.3±9.5 3.6±0.7

Diamond(a,c)

(45)

[3.7]

4.8±2.1 90±60

[2.6]

2.8±1.0 3.7±0.9 3.2±0.7

SnO2
(b)

(36)

[6.3]

1.4±0.4

[2.7]

artifacts

ZrO2
(b,g)

(36)

[3.6]

0.50±0.06(h) 0.58±0.07(h) 61±6(h)
[0.8]

62±8(h,i) 80±3(h) 71±3(h)

Al2O3
(c)

(45)

[4.0]

1.5±0.1 6.1±0.2 4.1±0.9 3.1±0.7

TiO2
(c)

(45)

[14.6]

3.3±0.2(i)
[7.2]

6.9±2.0

SiO2
(c)

(44)

[11.6]

2.8±0.2(i)
[4.6]

116±5(i)

(a)standard MR fluid; (b)standard 150-mm-diam wheel; (c)small 50-mm-diam wheel; (d)standard  dev. est. @ ±2%, average
of four spots; (e)after uniform ~0.5-µm removal runs for PMMA and COP, amounts of material removed for PS and PC not
determined due to lack of spot data; (f)0.2-µm removal run, measured in areas avoiding artifacts that appeared on surface;
(g)smaller CI particles used in MR fluid; (h)80-µm high-pass filter; (i)inside a spot.

was used as input to the machine for performing (estimated)
0.5-mm uniform removal runs.] Spots were taken on diamond-
turned pucks of PMMA and COP, thus enabling (precise)
0.5-mm uniform removal runs. Roughness data were obtained
from these or from figure correction runs.

Table 96.III gives results for peak removal rate and lowest
achieved rms roughness for the four polymers tested. Results
are displayed separately for data obtained on diamond-turned
pucks and coupons. Selected observations for each polymer
are given as follows:

PMMA:  Peak removal rates for most abrasives were be-
tween 4 mm/min and 6 mm/min, showing relatively little sensi-
tivity to CI concentration. The higher rates for CeO2 (solution),
TiO2, and SiO2 were obtained with the gentlest machine-

processing conditions (lower magnetic field strength and smaller
wheel rpm) and were judged to be too aggressive for use.
Removal rates of about 4 mm/min are entirely adequate for
polishing PMMA. For example, using the standard wheel on
the Q22Y under normal operating conditions with either the
standard CeO2-based or nanodiamond-based MR fluid, a
0.5-mm uniform removal run on a 50-mm-diam part would
require ~20 min. Lowest achieved rms roughness values were
between 1 nm and 3 nm. Results for nanodiamonds were the
highest (5 nm), and those for ZrO2 were clearly the lowest
(0.5 nm). As noted in the table, the CI used with ZrO2 had a
smaller median particle size than that used with the other
abrasives, and this may have contributed in part to this excel-
lent result. As also noted, all roughness results reported in the
table for ZrO2 were obtained with an 80-mm high-pass filter.
Unfiltered data for the smoothest surfaces were 0.1 nm higher.
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PS:  Coupons of this material were difficult to polish
without increasing the surface roughness. Figure 96.39 shows
the result of polishing with ZrO2. Due to the evolution of
surface artifacts rms roughness increased by nearly four times.
Worse results were obtained for nanodiamonds. The best
results were obtained with Al2O3. Initial areal p�v roughness
of 1 mm was reduced to 56 nm, and the initial rms roughness of
6 nm was unchanged. No surface artifacts were generated.

COP:  Under identical conditions, peak removal rates using
most abrasives were two to four times lower than those mea-
sured for PMMA, except for the standard CeO2-based and
nanodiamond-based MR fluids. For these, removal rates were
13% (3.5 mm/min) and 30% (2.6 mm/min) lower, respectively.
The removal rate for ZrO2 (~0.8 mm/min) was too low to be
practical, and there were other problems (see Fig. 96.39).
Smoothing the surface without introducing artifacts was diffi-
cult. The values of rms roughness achieved with the standard
CeO2-based and nanodiamond-based MR fluids were lower
(2 nm to 3 nm) than those measured with CeO2 (solution),
ZrO2, TiO2, or SiO2, but significant numbers of surface arti-
facts were still generated. An artifact-free surface was obtained
on a coupon using Al2O3, and the rms roughness was reduced
from 9 nm (initial) to 4 nm (final).

PC:  ZrO2 degraded the coupon surface as seen in
Fig. 96.39. Moderate numbers of artifacts developed after
processing with the CeO2 (solution) abrasive. The standard
nanodiamond-based MR fluid was seen to reduce initial rms
surface roughness from ~11 nm to ~3 nm. Similar results were
observed for the Al2O3-based MR fluid (8 nm to 3 nm). The
Al2O3-processed surface appeared to be the best.

2. Polishing COP (Zeonex) with the Standard CeO2-Based
MR Fluid
A 75-mm-diam by 25-mm-thick diamond-turned plano

puck of COP (Zeonex) was processed on the Q22Y using the
standard CeO2-based MR fluid under gentle machine condi-
tions. The spot removal rate was ~3.8 mm/min. Figure 96.40
shows areal roughness maps. The rms roughness (averaged
over five sites) was reduced from ~23 nm to ~2 nm. Two figure-
correction runs were also performed on the part. Over 90% of
the aperture, p�v surface wavefront error was reduced from
1.53 mm to 0.39 mm. Inspection of the part after processing
revealed a moderate number (~5/mm2) of artifacts on the part
surface (see Fig. 96.41).
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Figure 96.39
Optical microscopy of polymer surfaces after uniform 0.5-mm polishing runs with a ZrO2-based MR fluid. Excellent results were observed for PMMA, but
surface artifacts were created in PC, COP, and PS. Switching to an Al2O3-based MR fluid eliminated the artifact problem. (All photographs are to the scale
indicated in the figure.)
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3. Figure Correction and Removal of Diamond-Turning
Marks on a PMMA Puck
Two 38-mm-diam by 7.8-mm-thick diamond-turned plano

pucks of PMMA were processed in the Q22Y machine. One
part was used to determine removal rates. White-light
profilometry and laser interferometry were used to character-
ize one surface of the second puck for microroughness and
figure (over 95% of the hard aperture) before and after each
processing run. The backsides of these pucks were fine ground
to simplify the metrology. Strategies were employed (de-
scribed later) to minimize the time required for the pucks to
come to thermal equilibrium prior to figure measurement. A
ZrO2-based MR fluid was used under standard machine con-
ditions. This MR fluid showed excellent stability, and the
experiment was conducted 9 days after the fluid had been
loaded into the machine and used for other work.

The initial surface figure error of the diamond-turned PMMA
puck was 4.45 mm p�v. The initial average microroughness
values for this surface were 35±3 nm p�v and 3.8±0.3 nm rms.
A power spectral density plot of the surface showed a strong
peak at 300 lines per mm, indicating a 3-mm lateral diamond-
turning groove spacing. Two figure correction runs were per-
formed to bring down the figure error. The peak removal rate
for run #1 was 3.62 mm/min and the run time was 170 min. The
resulting figure error after run #1 was about 1.2 mm p�v. This
value varied over time as the part recovered from the effects of
handling, cleaning, and moving between the shop floor and the
metrology lab. Placing the part between copper blocks in the
metrology lab for 60 min and inserting padding between the
part and the metal clamps in the interferometer mount helped
to reduce thermal equilibration times, but ultimately the part
was left in the metrology lab overnight.

COM61

Initial:
p�v: 1581±324 nm
rms: 22.8±11.5 nm

0.00 0.35
0.0

0.26
�0.03

0.03
mm

mm

mm
0.00 0.35

0.0

0.26
�0.005

0.005
mm

mm

mm

Final:
p�v: 19±8 nm
rms: 1.9±0.7 nm

Figure 96.40
Example of areal roughness on COP surface before/after a 0.2-mm uniform removal run using a standard CeO2-based MR fluid under �gentle� processing
conditions. Numerical values given in the figure are averages of five sites.22
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Artifacts in the surface of the COP puck at the
conclusion of the polishing process: (a) view under
microscope between crossed polarizers; (b) ther-
mal printout of interferogram.
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The peak removal rate for run #2 on day 2 was remeasured
and found to be virtually unchanged at 3.63 mm/min. Upon
completion of this second 40-min correction run, the figure
error was further reduced from 1.2 mm p�v to ~0.35 mm p�v.
Final surface microroughness values were 18.5±6.8 nm p�v
and 0.47±0.05 nm rms. Power spectral density (PSD) plots
confirmed that all diamond-turning marks had been elimi-
nated. The PSD signature at 300 lines/mm was reduced in
amplitude by over 1300¥.

Metrology results supporting the experimental findings are
shown in Figs. 96.42 and 96.43. Figure 96.42 shows the initial
and final wave-front maps for surface figure. Figure 96.43
shows initial and final oblique plots for surface roughness at a
typical site, and Fig. 96.44 shows the initial and final power
spectral density plots at the same site shown in Fig. 96.43.
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Initial and final wavefront maps for the PMMA puck (95% aperture). COM64
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Initial and final PSD plots for the PMMA puck at the same site examined
in Fig. 96.43. The diamond-turning mark signature at 300 lines/mm was
reduced by more than 1300¥. (The ordinate scale has been magnified by 375¥
to show the signature after MRF.)
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4. Thermal Effects
Polymers require a longer time to thermalize than glasses,

ceramics, or metals. This may be examined in two ways. The
time f (in minutes) required for a temperature gradient across
the thickness t of a disk to decay to 10% of its initial value
(heat being removed from only one side) is given as34 f =
1.67 rCpt2/k, where r, Cp, and k are density, specific heat, and
thermal conductivity, respectively. Table 96.IV gives a calcu-
lation of f for 8-mm-thick pucks of PMMA and COP com-
pared to the borosilicate glass BK7. The initial thermalization
time for either of these polymers is four to five times longer
than that for glass of equal thickness. Table 96.IV also gives a
calculation of the sag S (in microns) of a part surface due to a
linear temperature gradient through the thickness t as34 S =
aDTr2/2t, where a, DT, and 2r are the coefficient of thermal
expansion, the temperature difference across the part, and the
part diameter (38 mm), respectively. A gradient of less than
0.2∞C across a glass part is negligible, but for a polymer puck
it is still sufficient to cause a 0.3-mm distortion.

Interferometry over 95% of its aperture was periodically
performed on the 8-mm-thick PMMA puck used in the two
figure correction runs previously described. The puck was
�soaked� between two copper blocks for 30 min in the metrol-
ogy lab and then monitored for p�v figure error after the first
polishing run. Figure 96.45 shows that the initial figure error
of 1.2 mm decayed to 1.0 mm after an additional 60 min. A
similar measurement on the part at the conclusion of the second
figure correction run showed that the same equilibration pro-
tocol was necessary to stabilize the surface figure at 0.4-mm
p�v. Infrared thermometry35 performed on the puck during
polishing did not detect any rise in temperature above the
ambient within the machine enclosure. This equilibration time
is quite lengthy compared to the calculations shown above,
suggesting that temperature fluctuations within the puck may

Table 96.IV:  Thermal calculations for polymer and glass pucks 8 mm thick by 38 mm in diameter.

Time to reduce temperature gradient
across part to 10% of initial value

Sag in part surface from temperature gradient
remaining across part (µm)

ρ
(g/cc)

Cp
(J/g°C)

t

(cm)

k

(W/m°C)

φ
(min)

α
(10−5 cm/cm°C)

∆T = 5.0°C ∆T = 1.0°C ∆T = 0.2°C

Acrylic14,36 1.19 1.5 0.8 0.23 8 6.7 7.7 1.54 0.3

Zeonex14,37 1.01 1.35 0.8 0.14 10 6.5 7.5 1.50 0.3

BK-738 2.51 0.86 0.8 1.11 2 0.7 0.8 0.16 0.03

have been prolonged by the heavy traffic into and out of the
metrology lab during the day. Precise interferometric testing is
difficult to perform during the cold working of polymer optics.
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Figure 96.45
Wavefront metrology for an ~8-mm-thick PMMA puck as a function of
elapsed time in the interferometer after a 30-min �soak� between copper
plates. Stabilization required an additional 60 min (lines to guide the eye).

5. Long-Term Figure Instability in a PMMA Puck
Polished on Both Sides
An experiment was conducted to polish out diamond-

turned side 1 (S1) and side 2 (S2) of a plano PMMA puck. Puck
dimensions and processing conditions were identical to those
described above for the removal of diamond-turning marks. S1
was polished out on day 1 to a surface figure error of 0.33 mm
p�v. S2 was polished out on day 2 to a surface figure error of
0.4 mm p�v. S1 was then monitored. Figure 96.46 shows the
change in surface profile that was observed over 40 days. The
center of the puck surface became concave, and by day 25 the
surface figure error of S1 had degraded by almost 5¥ to
1.48 mm p�v. This had relaxed to 1.11 mm p�v by day 34, and
to 1.09 mm p�v by day 40. We seek an explanation.
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Conclusions
Experiments were conducted with conventional and experi-

mental MR fluids to polish four optical polymers. A ZrO2-
based MR fluid was successfully used on a Q22Y MRF
machine to smooth and figure correct the plano surface of a
diamond-turned PMMA part to 0.5 nm rms and 0.4 mm p�v,
respectively. The diamond-turning marks were eliminated. Of
the other abrasive/polymer combinations tested, Al2O3 showed
the greatest potential for processing COP, PS, and PC without
roughening or introducing surface artifacts. Issues of part
thermalization for metrology were encountered. It was found
that 90 min were required to stabilize the surface figure of an
8-mm-thick PMMA puck between runs and at the conclusion
of a polishing experiment. Long-term surface figure instabili-
ties were also observed for a PMMA puck after cold working
both sides of the part.
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