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ABSTRACT

We have developed an experimental technique that combines magnetorheological finishing (MRF) and
microscopy to examine fractures and/or artifacts in optical materials. The technique can be readily used to
provide access to, and interrogation of, a selected segment of a fracture or object that extends beneath the
surface. Depth slicing, or cross-sectioning at selected intervals, further allows the observation and measurement
of the three-dimensional nature of the sites and the generation of volumetric representations that can be used to
quantify shape and depth, and to understand how they were created, how they interact with surrounding
material, and how they may be eliminated or mitigated.
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1. INTRODUCTION

A major attribute of optical fabrication is connected with the management and control of surface or near-surface
imperfections and fractures'®. Incorrect data or awareness on these kinds of artifacts typically leads to lower
quality products and a constant struggle with high rework rates. To gain an understanding of process-induced
fractures and imperfections on optical surfaces, a practical approach is needed that yields sufficient detail and
information about these artifacts. The method not only needs to yield information about the surface
characteristics of an optic at a particular point in the fabrication process, it needs to also give information on
how fractures and imperfections vary from the surface into the bulk material. Traditional methods are difficult
to use when studying fractures in optical surfaces for a number of reasons. Pad or lap polishing, in addition to
removing material at a low rate, tends to move material about an optical surface due to chemo-mechanical
processes. This results in re-deposition of modified material (usually weakly-structured hydrated material) onto
the surface that masks or buries surface fractures’. Even though undetectable due to a filling in with closely
index-matched material, these fractures ultimately limit the performance of the optic under high stress
conditions caused by high pressure, large thermal gradients, and intense laser light. Traditional polishing is also
difficult to control and gauge when being applied to remove a small specified amount of material and is prone
to imparting its own damage due to contributors such as slurry and pad (lap) agglomeration, contamination,
communition, etc.

Over the past few years we have realized success in using magnetorheological finishing (MRF) to polish optics
possessing little to no surface or subsurface fractures with a goal of improving their high fluence ultraviolet
laser damage resistance®. The MRF technique is deterministic making it easily controllable in removing a
prescribed amount of material from an optical surface. Moreover, it is reproducible and can be applied
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repeatedly to a high degree of precision with depth and form control to better than 20 nm”'®. MRF polishing has
also been shown to expose and remove fractures without adding damage. Expanding on this concept, we have
developed a technique that utilizes MRF as a diagnostic tool to characterize fractures and imperfections on and
below optical surfaces. This paper describes the three-dimensional MRF technique and presents example
experiments performed on fused silica optics illustrating how it can be used to study fractures.

2. MRF THREE-DIMENSIONAL ANALYSIS PROCESS

The MRF three-dimensional analysis process incorporates three systematic steps to interrogate the detailed
morphology of individual fractures or fracture networks in optical materials. These steps include: 1) sample
preparation, 2) MRF cross-sectioning and 3) analysis of the area of interest (AOI) as depicted in Figure 1.
Sample preparation is typically conducted only once during the process with MRF cross-sectioning and AOI
analysis performed iteratively until adequate data is collected to assemble a morphological rendering (usually
complete penetration and removal).

For step 1, optical samples being prepared for interrogation can be obtained in a variety of ways. They can be
drawn from a specific step of a manufacturing process, such as a particular grinding or polishing operation.
These are what we call process-related specimens. Process-related specimens are typically obtained by
processing actual work pieces, by using surrogate samples processed in the same manner as production pieces,
or they can be cut from actual production work pieces if one is interested in studying processes used on large
(for example 0.5 m) aperture optics.

MRF cross-sectioning
Sample Analysis
&l
== 2

Process-related  specimens collected from
polishing operations typically contain isolated
fractures,  scratches, or  micro-scratches
(“sleeks”) arising from process contributors such
as outlier or ill-defined abrasive size
distributions, or abrasive/lap contamination''.
) They could also contain artifacts from cleaning
4 and handling and fracture networks resulting
from insufficient material removal in previous
grinding steps. In general, process-related
specimens obtained from grinding operations
contain surface morphologies consisting of
fracture networks from the most recent grinding
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Figure 1: The three-dimensional MRF analysis process involves
three major steps — 1) sample preparation, 2) cross-sectioning, and
3) sample analysis. Steps 2 and 3 are iteratively performed until

operations may be present depending upon
whether or not sufficient material was removed
during subsequent process steps. During our

the process is complete. experiments, we have found that fracture

networks from grinding and isolated imperfections from polishing can be prepared for examination. This is
accomplished by either adequate material removal during the process under study or by starting with a polished
and well-examined specimen. In the latter case, fractures or imperfections from the last process step are the only
ones present or are the dominant fracture network in the surface. An example of the three-dimensional MRF
analysis obtained from a process-related specimen made using a 120-grit fixed abrasive grinding process is
discussed later in this manuscript. This specimen was prepared from a polished fused silica substrate by
grinding on a Blanchard Model 11A20 using a 120 grit (125 micron) diamond in a metal matrix tool (downward
feed rate = 250 microns/min, rotation rate = 45 rpm, time= 20 sec).

Test sample are also prepared by applying imperfections to the polished optical surface using standard
indentation tools, or by dragging abrasives or diamond tipped tools across the surface. These imperfections are
what we call engineered imperfections. These imperfections generally include single fracture sites, isolated
trailing fracture networks, micro-fractures (sleeks), or densified (compacted) material zones arising from plastic
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movement of material on, or near, the optical surface. In our laboratory, we have been successful in applying
engineered imperfections to fused silica using a Shimadzu HMV-2 micro-hardness tester. Knoop, Vickers, and
Brinell indentation tool tips are readily available for this instrument and can be easily used to make indentations
and fractures in optic surfaces under different load conditions'®. The morphology of an engineered imperfection
made using a Knoop indenter under a 4.9 N applied load is discussed later in this manuscript as an example of
the usefulness of the three-dimensional MRF process in studying the characteristics of surface imperfections.

Wet etching via an aqueous acid or base solution develops the specimens for subsequent processing and
characterization. Hydrofluoric acid etching of fused silica can be used to adequately and reproducibly open
fractures present at the optical surface that are closed or optically contacted to neighboring material and difficult
to observe during microscopic examination®'"'>. It also exposes subsurface damage generated during the
fabrication process that has been subsequently buried under a re-deposited layer of refractive index matched
hydrated-glass. A fifteen minute etch using a 20:1 ammonium fluoride/ hydrofluoric acid solution
(commercially known as 20:1 buffered oxide etch) adequately develops the surfaces by opening fractures to a
width of about 0.8 microns with about 0.4 microns of material removal from the optic surface.

Once the samples are prepared, MRF cross-sectioning, Step 2, is used to remove plane-parallel sections of
predetermined thickness from the specimen surface (Figure 2). Material removal is accomplished by rastering
the surface using a well-characterized MRF removal functlon at uniform velocity. The MRF software is used to
set the removal depth using a convergence routine . -

with a flat starting and ending topography. In our
experiments, a 10 X 10 mm area was selected for
raster cross-sectioning to balance polishing time and
available analysis area. Raster cross-sectioning times
averaged about 3 minutes per cycle. We obtained
cross-section depths as low at 100 nm and as high as
600 nm per cycle depending upon the MRF
volumetric removal. An analysis sequence, Step 3,
follows each MRF raster cycle. MRF cross-
sectioning and subsequent analysis continues until
the imperfections are removed. Material removal is
monitored using a KLA Tencor P-10 surface
profilometer after each cycle. This is done by
measuring the surface profile with line scans that
extend over both the sectioned and surrounding areas

on the optic and computing the height difference Figure 2: MRF cross-sectioning uniformly removes material

between the seF:tioned and un-ss:ctioned areas. The fom the AOI yielding depth-sliced information at prescribed
accuracy of this measurement is about + / - 5.0 intervals from the surface into the bulk.

angstroms.
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We utilized three different techniques to analyze the defects being cross-sectioned, step 3. In general, any
combination of nondestructive analysis techniques can be utilized for this portion of the process. The techniques
we make use of are based upon the type of observables we are looking to obtain data on and upon the
availability of the instruments for our work. First, a Nikon NEXIV VMR series CNC based optical measuring
system is used to image each polished cross-section. Micrographs obtained using the NEXIV system are
typically collected using episcopic lighting at 300x magnification to resolve detail. One major advantage of
using this computer-based measuring system is its ability to perform repeated tasks at high speed. Once the
defect locations are registered in the system, the analysis can be automated. This is particularly useful in
analyzing engineered imperfections since they are typically spaced far enough away from neighboring
imperfections to avoid any influence during their preparation. The computer system can be programmed to
allow the microscope stage to jump between several areas on the optical surface and perform analyses on
several defects during a single process step without wasting time scanning over surrounding areas. The NEXIV
system has laser and contrast auto-focusing capability which maintains a clear image of the surface as the cross-
sectioning proceeds. Defect areas covering more than one field-of-view are acquired in series using the
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instrument’s computer controlled stage that is programmed to collect tiled imagery. Tiled images with five
percent overlap were stitched together using Adobe Photoshop®. Three-dimensional renderings of the
imperfections are generated using the entire set of cross-sections collected and software written by the primary
author to place the imagery in its appropriate location in all three dimensions. Briefly, this software overlays the
images at the correct space coordinates and uses image alpha transparency manipulation (magnitude and
threshold) to generate surface topography. The software also allows the user to rotate and translate the
renderings in three-dimensions thereby offering different views of the defect structure. Layers composing a
rendering can be made invisible to expose information from the remaining layers (interior) of the imperfection.
We also use a Wyko NT200 white light micro-phase-measuring interferometer to investigate the imperfection
surface topography and area surface finish during the sectioning process. This technique allows measurement of
small changes in surface topography as well as identification and characterization of zones within the AOI that
possess different optical characteristics such as refractive index or density. Lastly, in addition to monitoring the
progress of the cross-sectioning, a KLA Tencor P-10 surface profilometer is used to measure the surface
topography and roughness. This technique involves contact on the optic surface and provides for independent
data on the surface structure and finish of imperfections. Data collected using the contact profilometer is
compared data obtained from white-light interferometry or used an alternative on surfaces where interferometry
fails (ground glass, steep gradients, or deep fractures).

To provide repeatability and processing
efficiency during MRF cross-sectioning and
sample analysis, we designed and fabricated a
kinematic sample holder that could be attached
to the optic to facilitate placement onto the
various instruments used for the process
(Figure 3). The sample holder is comprised of
two doughnut-shaped aluminum plates one of
which has radial grooves spaced 120 degrees
apart cut into its lower surface. The
corresponding mating plate has stainless steel
ball bearings placed at 120 degrees along a
circle centered on the plate. The grooved plate
and the optic being studied are glued together
using vinyl polysiloxane dental impression
epoxy (Examix NDS, GC America, Inc.). The
mating plate is attached to the analytic
instrument used for interrogation of the optic.
Several mating plates can be used if the
analysis involves more than one instrument or technique. When these plates are placed together during use,
accurate and reproducible placement of an optic is attained to less than 2 microns. Accurate and reproducible X-
Y placement of the optic is critical to this technique as its goal is to unravel the spatial relationship of
imperfections in the AOI as it is cross-sectioned in Z resulting in a rendering of its three-dimensional character.
Both plates have an opening in the center so that transmission experiments or diascopic lighting techniques can
be employed. The opening in the center of the grooved plate also allows the optic to remain in the sample
holder during MRF-cross sectioning. Vacuum chucks used to hold the optic on the MRF can be inserted into
this opening and used to engage the optic onto the spindle during material removal.

Figure 3: A kinematic sample holder is used to accurately and
repeatedly place optics onto the various tools used for AOI analysis.

3. THREE-DIMENSIONAL MRF ANALYSIS OF PROCESS-RELATED SPECIMENS

One of the important aspects of optical fabrication above and beyond figure control is the understanding of
process-induced fractures in optical surfaces, particularly if one is interested in making laser damage-free parts.
Process-induced fractures dictate how much material needs to removed during subsequent steps'"'*'*. They also
establish what processes will need to be used to yield an optic possessing a superior surface finish. Lack of
knowledge or an insufficient understanding of process-related fractures all too often leads to insufficient
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