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Abstract. We investigate the capacity of magnetorheological finishing (MRF) process to remove surface and
subsurface defects of fused silica optics. Polished samples with engineered surface and subsurface defects
were manufactured and characterized. Uniform material removals were performed with a QED Q22-XE machine
using different MRF process parameters in order to remove these defects. We provide evidence that whatever
the MRF process parameters are, MRF is able to remove surface and subsurface defects. Moreover, we show
that MRF induces a pollution of the glass interface similar to conventional polishing processes. © 2014 Society of
Photo-Optical Instrumentation Engineers (SPIE) [DOI: [T 177 TOH-53-9:092071]
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Paper 140284SS received Feb. 18, 2014; revised manuscript received Apr. 24, 2014; accepted for publication Apr. 30, 2014; pub-

lished online May 22, 2014.

1 Introduction

Magnetorheological finishing (MRF) technology is com-
monly used in optical workshops to finish optical surfaces.
The use of MR fluids for precision finishing of optical com-
ponents was proposed in the early 1990s based on Belarus
studies of physical properties of these fluids.l It was further
developed in the 1990s in the United StatesB to become a
commercial product.“ MRF uses magnetic carbonyl iron and
nonmagnetic abrasive particles (diamond, cerium) mixed in
water and some additives as polishing fluid. Since iron par-
ticles are magnetic, the rheology of the fluid can be modified
by the application of a magnetic field. This MR polishing
slurry is circulating on a delivery system and put in contact
with the workpiece due to a polishing wheel in the vicinity of
which the field is applied. Material removal is the result of
both drag force and normal force induced by the MR ribbon
stiffened by the magnetic field® The good stability of
material removal along the process allows iterative subaper-
ture polishing. MRF is used for a wide variety of applica-
tions, such as plane, spherical, aspherical, or freeform
surface polishingt® and phase plate manufacturing, as
well as high-damage-threshold laser fusion fused silica
optics polishing B MRF is usually used as a final polishing
step that follows grinding and prepolishing.

Cosmetic surface quality is most of the time detrimental
for optical components. Scratches, digs, voids, or other
residual chips on the surface can stray light, degrade optical
system performances, or degrade damage threshold in the
case of laser optics. Such defects can be created by inappro-
priate handling or cleaning, rogue particles existing in pol-
ishing slurry acting as indents on the glass surface or also
insufficient material removal leaving traces of subsurface
fractures coming from early manufacturing steps.
Consequently, the ability of a polishing process to limit or

*Address all correspondence to: Jerome Neauport, E-mail: jerome.neauport@
projet-Imj.org
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suppress surface defects is important. Polishing fused silica
optics able to withstand high fluence at the wavelength of
351 nm is even more demanding. Subsurface defects
(SSD)M a5 well as surface defects and potential process-
induced contamination are likely to trigger laser damage
and thus need to be removed from the polished interface. It
must be outlined that for polished surfaces, the interface is
composed of (i) subsurface cracks coming from either early
manufacturing steps (grinding, lapping, etc.) or final polish-
ing and embedded under a polishing layer and (ii) open
cracks appearing as scratches or digs and coming from either
rogue polishing particles during polishing or residual cracks
from previous manufacturing steps.

The goal of this report is to focus on the capabilities of
MREF to remove surface and subsurface defects in the context
of the manufacturing of fused silica laser fusion optics.
Characterizations are also carried out to quantify the MRF-
induced pollution of the interface. Although previous works
on MRF have detailed numerous potential application of
MREF, physical phenomena inducing material removal B3 -
fluence of process parameters on material removal B or use of
MREF for manufacturing damage resistant optics,ﬂ’IIII no system-
atic study of surface—subsurface defect removal by MRF and
MRF-induced interface contamination has been carried out
to the best of our knowledge. We report the work as follows.
Section [] describes the sample preparation methods. This
includes the initial polishing and the intentional scratching
method. In order to increase the statistic of our experiment,
we created deliberately random scratches on the samples.
The metrology used to characterize these samples is also
detailed. Section [] summarizes the experimental data. In
Sec. B, we discuss how MREF is efficient to remove surface
and subsurface defects. Section ] is more specific to laser dam-
age by giving some details on the polishing layer created by
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MRE, its composition and thickness, and also some damage
threshold considerations. We then present our conclusions.

2 Experimental Results

2.1 Fused Silica Samples Polishing and Scratching
Process

Fused silica was studied in this work. This optical glass is
usually used as substrate for the final optics of fusion
class lasers for its low absorption, high homogeneity, and
high damage threshold at the wavelength of 351 nm.

All substrates were disks with a diameter of 50 mm and a
thickness of 8 mm, made of CORNING 7980. Samples were
polished using a commercially available standard double
side polishing process. Surface roughness Ra was less
than 1 nm, and scratches and digs comply with a 60/40 speci-
fication per MIL-O-13830A standard.

Our intention was to study the efficiency of MRF to
remove surface and subsurface defects of polished surfaces.
Even if surface and subsurface defects exist on our polished
samples, their density is rather weak. The statistic is then too
small for such a study to be carried out. We therefore created
additional defects by deliberately scratching the samples on
one side. This was performed by polishing samples on a
LOGITECH PM5 machine using cerium slurry polluted
with 0.1 g/1 of 9-um-diameter alumina particles. This pro-
cedure was fully detailed in a previous work:H it creates a
large number of surface and subsurface defects with a scratch
morphology similar to what is seen on polished surfaces
(see Fig. [I).

2.2 Magnetorheological Finishing

MRF was Eerformed using a Q22-XE polishing platform
from QED.” The C10+ cerium-based slurry distributed by
QED was used for our experiments; it was prepared follow-
ing the manufacturer’s recommendations. Samples before
and during polishing cycles as well as MRF spots were mea-
sured using a Zygo GPI XP 100-mm aperture phase He-Ne
Fizeau shifting interferometer. Spots’ physical properties
(depth, volume, area, etc.) and volumetric removal rates

Fig.1 Scratch created by polishing a sample with a cerium slurry con-
taminated with 9-um-diameter particles of alumina (0.1 g/I).
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Fig. 2 Effect of magnetorheological finishing (MRF) process param-
eters on VRR—CORNING 7980 fused silica sample.

(VRR) were calculated from these measurements directly
by the Q22-XE software.

Removal rate of the MRF process can be modified by
changing wheel speed, penetration depth in the MR ribbon,
or ribbon height (magnetic field is fixed on the Q22-XE).
The effect of the variation of these parameters on the
VRR is shown in Fig. fl. VRR can be modified by almost
a factor of four by changing the MRF parameters. For
these VRRs, a mean MRF processing time of approximately
30 min is necessary to remove a thickness of 500 nm on a 50-
mm-diameter sample.

2.3 Optical Characterization

A defect mapping system (DMS) was used to quantify
defects existing on polished surfaces before or after MRF
processing. This system consists of a lighting LED ring
placed around the sample to be measured and a high-reso-
lution 39-Mpx camera equipped with a 120-mm focal lens
to take an image of the whole sample clear aperture.
Surface defects scatter light coming from the LED ring,
thus appearing bright on a dark field ! Raw images are
then postprocessed using Image]Ig software to evaluate
the defects’ density as bright pixels per square centimeter.
A full description of the postprocessing carried out is avail-
able elsewhere.®l The resolution of the system is approxi-
mately 30 pm.

A Zygo New View 7200 white light interferometer (WLI)
equipped with 1x, 10x, or 100X objectives was used for
roughness measurements or local defect or laser damage im-
aging. Alternatively, we also took advantage of a Zeiss
Axiolmager microscope equipped with 10X, 20x, 50X,
and 100x objectives for immediate imaging of scratches dur-
ing polishing.

2.4 Polishing-Induced Contamination Measurement

During polishing, a layer is formed by the chemo-mechanical
action of abrasives and water on the silica glass. This layer,
called Beilby layerE or polishing layer, can partially embed
subsurface defects; it is also contaminated by polishing
agents. Beilby layer thickness is usually estimated between
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50 and 100 nm for conventional processes. Polishing-
induced contamination can also diffuse in the SSD, which
can extend far below the polishing layer. We measured
this global process-induced contamination by inductively
coupled plasma atomic emission spectrometry (ICP-AES).
The method consists in dissolving a layer of a silica-polished
sample whose thickness is known in a HF/HNO; (80% to
20% vol.) solution. This solution is then analyzed by ICP-
AES to give access to the quantity of each pollutant included
in this known layer. This sequence is then repeated until the
concentration of tracked elements reach an asymptote. A full
description of this method is available elsewhere.d This
technique offers the interest of being very sensitive; the
quantification limit is close to the ppm and incertitude of
about 0.1 ppm depending on the element considered and
depth of the silica layer dissolved. Another advantage is
that this analysis is carried out on the whole 50-mm-diameter
sample surface, in opposition to secondary ion mass spec-
troscopy methods where a few hundreds of square microm-
eters are measured. In this study, we measured the following
elements: Fe, Ce due to (i) their presence in the manufactur-
ing process (slurry, tools, etc.), (ii) their possible absorption
at the wavelength of 351 nm, and (iii) their potential impact
on laser damage.ll:1 Quantification limit for these elements,
considering the experimental protocol used, is approximately
1 to 10 ug/g. If we made the assumption that pollution is
mainly trapped in surface and subsurface defects of the
glass interface, it implies that ICP method is one or two
orders of magnitude more sensitive than the DMS measure-
ment. Strict depth comparison between DMS and ICP shall
not be made.

2.5 Laser Damage Testing

We carried out damage testing using a 1:1 procedure with
respect to ISO 11254-1:2000 standard using a Nd:YAG
laser manufactured by Coherent (Santa Clara). The source
is frequency tripled with the following characteristics: wave-
length of 355 nm and single longitudinal mode and pulse
duration of 2.5 ns. During the test, the beam is focused
on the sample surface in order to achieve high fluences;
beam diameter is then about 400 ym at 1/e. The depth of
focus is about 30 cm, much larger than usual sample thick-
ness. Fluence fluctuations have a standard deviation of about
15% for this laser at 355 nm. Spatial and temporal profiles
and energy are recorded during test. Damage is observed
after laser irradiation using a long-distance working micro-
scope. Minimum damage size detected is about 10 ym what-
ever the morphology of the damage. The threshold is defined
as the zero damage probability.

3 Surface and Subsurface Defects Removal

First, the effect of MRF removal on surface and subsurface
was studied on a microscopic scale by following the evolu-
tion of the morphology of some scratches. A sample was
scratched as described in Sec. P-I. The DMS image of the
scratched sample (S/N 12-0192) is shown in Fig. J.

An example of scratch morphology during iterative MRF
removals is given in Fig. f]. The width of the original scratch
was approximately 10 um (before MRF). Each image of
Fig. @] has been taken after a 500-nm MRF removal.
Images were obtained using a Zeiss Axio-Imager microscope
in dark interference contrast mode equipped with a 20x
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Fig. 3 Sample 12-0192 after scratching procedure. Red square
shows the position of the scratch imaged during 500-nm iterative
MRF removals.

objective. Image size is 230 x 250 um?. After a total 2.5-
um material removal by MRF, the scratch is mostly removed
from the surface. This is in good concordance with the rela-
tion evidenced by Suratwala et al B estimating mean crack
depth to be equal to the third of its width. Directional sleeks
are also systematically observed in the vicinity of the pre-
existing scratch. Sleeks are oriented along the direction of
the MR fluid flow. This phenomenon was already observed
and is due to the perturbation of MR ribbon created by the
scratch during polishing.E

Second, the effect of MRF on surface and subsurface
defects was studied on a large number of scratches. For
this purpose, samples were polished and scratched using
the protocol described in Sec. P-1]. Initial measurements car-
ried by DMS on a polished and a scratched sample revealed
that scratching process increase defect density by more than
a decade.

We then iterated numerous sequences of

¢ cleaning

* DMS for defect counting
¢ MREF uniform removal

¢ cleaning

* DMS for defect counting.

Mean VRR during iterative removals was modified by
about 25% in order to see its effect on defect removal
(see Fig. f). This corresponds approximately to the mean
VRR capacity and maximal VRR capacity of the machine
(see Fig. ). Lower VRRs were not studied since processing
times become too long given the high amount of material we
wanted to remove (up to 24 ym). DMS images were analyzed
using the procedure detailed in Sec. P.3. Figure [ represents
the evolution of the defect density during these removals.
Power law fittings are shown as guidelines.

A decrease of about a decade in defect density is observed
after removal of approximately 6 ym. Suratwala et al. estab-
lished a relationship between width (W) and mean crack
depth (d) of cracks existing on the glass polished surfaces:B
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(d)

(e)

Fig. 4 Evolution of the scratch identified in Fig. @ after 500-nm MRF removal (a), 1000-nm MRF removal
(b), 1500-nm MRF removal (c), 2000-nm MRF removal (d), and 2500-nm MRF removal (e). Image size is

230 x 250 pm.

d = 0.35W. This group also evidenced a 90% probability to
remove a crack by removing a layer of material equal to the
crack width B In our experiment, mean crack width of the
scratches generated by the initial scratching procedure
(see Sec. 1) is 10 ym. After a removal of 3 um, scratch
density decreases by more than half a decade. After approx-
imately 10 um, a one-decade decrease is seen on sample 12-
0192, which is consistent with the 90% probability of scratch
removal. On the other samples, data are too widespread to
verify this relationship.

We also noticed that DMS measurements become very
difficult when defect density is close to some hundreds
per centimeter square. The reproducibility of the cleaning

T T T T T T T T T T T T T T

12-0192 (VRR= 0.032 mm?/min) 4
12-0197(VRR= 0.040 mm®/min) E
12-0200(VRR= 0.043 mm3/min)
12-0211(VRR= 0.029 mm®/min)
] 13-0050(VRR= 0.039 mm®/min)

il —— Upper fit
1 -~ Lower fit

100000 -

0% < =

10000 -
:7

Defects (px/cm?)

1000

100 +————————————————P———————
0 2 4 6 8 10 12 14 16 18 20 22 24
Material removal (um)

Fig. 5 Evolution of defect density established from defect mapping
system measurements during iterative MRF removals with different
mean volumetric removal rates. Power fits are represented a guide
to the eye.
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process in terms of quality and the ability of the raw
image postprocessing to distinguish remaining stains from
surface defects become influential. Nevertheless, we also
evidence that VRR does not seem to have a large impact
on the efficiency of MRF to remove defects. Even for
high VRR corresponding to larger penetration depth,
where both drag and normal forces are important as evi-
denced by Miao, B cracks are removed and not propagated
by the MRF process.

Moreover, it must be outlined that apart from sleeks sur-
rounding pre-existing scratches (see Fig. f]), close inspection
to successive DMS images revealed no MRF-related surface
defects.

We performed roughness measurements on some of these
samples using apparatus detailed in Sec. 3. Roughness was
measured on the [0.1to 1], spectral band using the 1x
objective. After 3 um of uniform removal, a roughness of
0.49 nm RMS was obtained. The value rose to 1.14 nm
RMS after 12 ym of removal, which is similar to the 1-
nm-RMS initial value of our samples. It therefore means
that a compromise between defect removal and roughness
has to be done since roughness tends to increase for high
MRF removals.

4 MRF Polished Fused Silica Interface, Application
to UV Optics

We analyzed the composition of the MRF polished interface
on different samples as detailed in Table [I] using the protocol
described in Sec. B4. Our aim was to evaluate the effect
material removal and MRF process parameters on contam-
inants of the polished interface. Uniform removals (no figure
correction) were performed on polished samples (no scratch-
ing performed).

September 2014 « Vol. 53(9)
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Table 1 Magnetorheological finishing condition and volumetric
removal rates (VRRs) for samples devoted to ICP analysis. All
parts processed with Q22-XE, C10+, 50 mm wheel—ribbon
height = 1.5 mm, wheel speed = 607 rpm, mixer speed = 100 rpm.

VRR Penetration Delivery pump Material
S/N (mm?3/min) depth (mm) speed (rpm) removal (um)
11-0537 A 0.014 0.4 80 1
11-0537 B 0.026 0.45 80 1
11-0538 A 0.019 0.4 90 3
11-0539 A 0.026 0.5 95 5
11-0539 B 0.026 0.45 80 5

We first focus on iron pollution since MRF polishing fluid
has carbonyl iron particles as magnetic particles. Figure f
presents the evolution of Fe content in the interface of sam-
ples 11-0537 A and 11-0537 B. Both samples were polished
to remove 1 ym using MRF parameters leading to a high
VRR (11-0537 B) and a low VRR (11-0537 A). A power
law fit of data from sample 11-0537 B is also added to
this figure, data were insufficient to compute an equivalent
fit for sample 11-0537 A.

It can be seen that iron penetration depth is independent
from MRF conditions and that about 4 to 5 um are polluted
with iron coming from the MRF slurry. When removal is
increased iron tends to go slightly deeper into the glass inter-
face as depicted in Fig. []. The iron-contaminated region is
about 7 um, rather constant when going from 3 to 5 ym of
MREF removals.

Similar measurements were performed for cerium.
Figure § shows that cerium pollution is independent of
the material removal carried out and that cerium goes deeply
into the substrates down to 7 pym.

These results demonstrate that the MRF slurry pollutes a
depth of 5 to 7 ym from the top surface. Such a thickness can
be considered as rather high, but it is indeed very similar to
what is measured for a conventionally polished substrate. In

T I !
10000 % ]
N % 11-0537 B
v 11-0537 A
,,,,,, Fit 11-0537 B
7 v
100045y 3
] | E
[=2
2
()
P .
v W
100 B B Fon B E
A S
% R .
o . | . ; T T T
0 2 ¢ ° 8
Depth (um)

Fig. 6 Fe contamination measured on part 11-0537 A and 11-0537 B.
Material removal of 1 um in both cases. Power law fit of 11-0537 B
presented in dash line.
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Fig. 7 Impact of MRF removal on iron contamination for different
material removals.

a previous work, we investigated process-induced contami-
nation on conventionally polished fused silica samples. We
reported that fused silica samples polished with zirconium
slurry had zirconium embedded in the interface down
to 5 ,urn.E

We also damage-tested an MRF-polished part to evaluate
the effect of this polishing layer on damage threshold at
351 nm. Two fused silica polished samples were prepared
using a high-damage-threshold polishing process.3 One
side of one sample was polished on the MRF machine to
remove 2 um. Both samples were then damage-tested
using the protocol detailed in Sec. P.3. Damage threshold
of the non-MRF-processed reference sample is 17 J/cm?,
(wavelength of 355 nm, pulse duration of 2.5 ns). The dam-
age threshold of the MRF-processed sample is degraded with
two types of damage morphologies as presented in Fig. f.
Images are obtained using the WLI described in Sec. 3
equipped with a 100X objective. At low fluences of 5 to
7 J/ecm?, a high density of micrometer-scale shallow pits
is observed [see Fig. P(a]]. These pits are often called
“gray haze” and were attributed to the existence of heavy
contamination of cerium in the glass interface.E This inter-
pretation is in good concordance with ICP-AES

T T T T T T T
¥ #* 11-0537 B (1 ym removal) ]
v 11-0539 B (5um removal) A
AR VR4
V. ¥ v
hAd hid v v
) ANRRY
] i L W%
© 1000 - K .
(@] 1 1
UE v
v E w
\Y v 4
T T T T T T T T
0 2 4 6 8
Depth (um)

Fig. 8 Impact of MRF removal on cerium contamination.
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Fig. 9 Laser damage morphology of an MRF-processed silica part by WLI using a 100x objective. Depth
scale expressed in nanometers. High-density pits are seen at low fluence (a), a larger damage is super-

imposed at high fluence (b).

measurements (Fig. f) showing the existence of cerium in the
glass interface. At higher fluence [Fig. P(b]] damage evolves
in a large damage typical of what is usually observed on
fused silica polished parts, superimposed to the gray haze
seen at lower fluences.

MREF polished surface consequently needs a wet etching
to remove the polluted fused silica interface in order to
achieve high damage threshold. This approach was retained
with success by various authors 2B

5 Summary

MREF can remove surface and subsurface defects existing on
the fused silica polished surfaces. No MRF related defects
were seen during our experiments apart from sleeks sur-

10.
rounding pre-existing scratches or digs. The VRR used dur-
ing MRF processing seems to have a weak impact on the 1.
ability of the process to remove these defects. We also carried
out ICP measurements to quantify composition and depth of
the MRF-induced interface pollution; this interface includes 12.
both Beilby layer and potential contaminants diffusing in
SSD. Up to 5 to 7 um are polluted with MRF slurry elements 13.
such as iron and cerium (C10+ MREF slurry). MRF process
parameters have weak impact on the characteristics of this 14.
interface (depth, composition). This depth is similar to
what is seen for conventional polishing processes. 15
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