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ABSTRACT 
 

Understanding the behavior of fractures and subsurface damage in the processes used during optic fabrication plays a 
key role in determining the final quality of the optical surface finish. During the early stages of surface preparation, 
brittle grinding processes induce fractures at or near an optical surface whose range can extend from depths of a few 
µm to hundreds of µm depending upon the process and tooling being employed. Controlling the occurrence, structure, 
and propagation of these sites during subsequent grinding and polishing operations is highly desirable if one wishes to 
obtain high-quality surfaces that are free of such artifacts. Over the past year, our team has made significant strides in 
developing a diagnostic technique that combines magnetorheological finishing (MRF) and scanning optical 
microscopy to measure and characterize subsurface damage in optical materials. The technique takes advantage of the 
unique nature of MRF to polish a prescribed large-area wedge into the optical surface without propagating existing 
damage or introducing new damage. The polished wedge is then analyzed to quantify subsurface damage as a function 
of depth from the original surface. Large-area measurement using scanning optical microscopy provides for improved 
accuracy and reliability over methods such as the COM ball-dimple technique. Examples of the technique’s use will be 
presented that illustrate the behavior of subsurface damage in fused silica that arises during a variety of intermediate 
optical fabrication process steps. 
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1. INTRODUCTION 
 

Management of fractures and subsurface mechanical damage (SSD) arising from processes used during optic 
fabrication plays a vital function in determining the final quality of an optic’s surface finish. Brittle grinding processes 
induce fractures at, or near, an optical surface whose range can extend from depths of a few µm to hundreds of µm1-5. 
These process-induced or process-related fractures not only determine the current state of the optic in the fabrication 
process, they dictate how much material needs to be removed during subsequent steps6-8. The nature and extent of this 
damage also determines what manufacturing methods will need to be used to ultimately yield a completed optic having 
a superior surface finish. On the manufacturing floor, lack of knowledge or an insufficient understanding of process-
induced fractures all too often leads to insufficient material removal during intermediate fabrication steps. This can 
result in occurrence of fractures and imperfections in the final optic, can cause the optic to have to be taken backwards 
in the manufacturing process for rework, or can add time to subsequent fabrication steps, particularly polishing, that 
reduces productivity and increases costs. From a functional perspective, fractures and SSD ultimately limit the 
performance of the optic under high stress conditions including high pressure, vacuum, large thermal gradients, and 
intense laser light. This is particularly important on optics containing flaws that have been hidden beneath a layer of 
re-deposited and modified material (usually weakly-structured hydrated material)9. In this situation, buried SSD can 
pose a serious problem because of its interaction with the optic’s surroundings and sources of activation such as short-
wavelength, high-intensity monochromatic light10.  
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Over the past year, our team has made significant strides in developing a diagnostic technique that combines 
magnetorheological finishing (MRF) and scanning optical microscopy to statistically measure and characterize SSD in 
optical materials. The method is called the MRF Wedge Technique. The 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 repeatedly to a high degree of precision with depth and form control to better than 20 nm6,7. MRF polishing 
has also been shown to expose and remove fractures without adding or propagating SSD8. This makes it possible for 
one to evaluate a fabrication step without having to worry about collateral damage from sample preparation or 
measurement. The MRF Wedge Technique can be applied to large areas on the optic surface that enables one to obtain 
statistical information on the characteristics of fracture and flaw networks. The method is designed to be used on parts 
that have been through the same fabrication conditions as parts being produced in a manufacturing line. It also gives 
information regarding the profile of the fractures moving from the surface into the bulk in addition to the maximum 
depth of damage in an optic that is at a particular point in the fabrication process. In contrast, other methods, such as 
the COM ball technique9, taper polishing method10, and more recently the MRF spot method11 suffer from several 
disadvantages when used to quantitatively examine the statistical distribution of fractures on, or near, an optical 
surface. First, the interrogations may be restricted to small areas on the optic which limits the acquisition of sufficient 
information regarding the extent of fractures and SSD actually present over the entire surface. Second, it makes it 
difficult to easily link the measurements to the process conditions used during fabrication. Third, the methods can be 
difficult to apply and control to the accuracy needed to measure the extent of damage. Fourth, the material removal 
scheme used can induce its own SSD to the surface being measured. Lastly, the material removal method (pad or lap 
polishing, in particular) can move material on the surface and bury fractures making them invisible and difficult, if not 
impossible, to evaluate. 
 

2. MRF WEDGE TECHNIQUE 
 

The basic concept behind the MRF Wedge Technique is to precisely polish a wedge into the surface of an optic to 
reveal the fracture network or imperfections present as a function of lateral distance along the wedge. The lateral 
distance is associated with the depth of the artifacts through knowledge of the wedge contour. This essentially 

provides information on the fracture distribution present 
as a function of depth by spreading the distribution 
laterally along the wedged surface. The MRF Wedge 
Technique consists of three steps shown in Figure 1. The 
first step involves obtaining optic specimens representing 
the manufacturing process needing to be characterized. 
These specimens 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, as 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. For the experiments reported in 
this paper, we found that process-specific fracture 
networks from grinding and isolated imperfections from 
polishing can be prepared by adequate material removal 
during the process being studied or by starting with a 
polished and well-examined specimen. In the latter case, 
fractures or imperfections from the process of interest are 

the only ones present or are the dominant fracture network in the surface. Examples of the MRF Wedge Technique 
applied to various process-induced specimens are discussed later in this manuscript. These specimens are prepared as 
follows. 
 
Seven super-polished and MRF processed round fused silica glass (Corning 7980) samples (10 cm diameter × 1.0 cm 
thick) labeled as Samples A-G were prepared such that they contained no subsurface damage as determined by etching 
in hydrofluoric acid and inspection. One face of each sample was treated by one of several standard grinding 
processes. Sample A (Sand blasted) was sand blasted using a Zero Blast-n-Peen Model NPGS-4 sand blasting station 

Figure 1: Schematic flow of MRF Wedge Technique used 
to measure fracture network distributions in optical surfaces. 
Prepared specimens are wedged polished using the MRF and 
then analyzed using an automated microscope. 
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using 300 micron Al2O3 abrasive for 15 minutes. Sample B (120-grit Coarse Blanchard) was generator ground on a 
Blanchard Model 11A20 grinder using a 120-grit (125 micron) diamond in a metal matrix tool (downward feed rate = 
250 µm/min, rotation rate = 45 rpm, time= 20 sec). Sample C (150-grit Coarse Blanchard) was generator ground on a 
Blanchard Model 11 grinder using a 150 grit (100 micron) diamond in a resin matrix tool (downward feed rate = 230 
µm/min, rotation rate = 41 rpm, time= 20 sec). Sample D (15 micron Loose Abrasive) was ground on a Strasbaugh 
Model 6Y2 grinder using 15 micron Al2O3 abrasive (Microgrit WCA15T) in water on a Pyrex glass lap (load = 25 N, 
lap rotation rate = 16 rpm, time= 1 hr). Sample E (15 micron Fixed Abrasive) was ground on a Strasbaugh (Model 
6DA-DC-2) grinder using 15-micron diamond fixed abrasive in an epoxy matrix (Gator Diamond) (load = 25 N, lap 
rotation rate = 16 rpm, time= 1 hr). Sample F (9 micron loose Abrasive) was ground on a Strasbaugh Model 6Y2 
grinder using 9 micron Al2O3 abrasive (Microgrit WCA9T) in water on a Pyrex lap (load = 25 N, lap rotation rate = 
36 rpm, time= 1 hr). Sample G (7 micron Fixed Abrasive) was ground on a Strasbaugh Model 6DA-DC-2 grinder 
using 7 micron diamond fixed abrasive in an epoxy matrix (Gator Diamond) (load = 25 N, lap rotation rate = 16 rpm, 
time= 1 hr). After preparation, the samples were developed using wet etching with a 15 minute etch using a 20:1 
ammonium fluoride/ hydrofluoric acid solution (commercially known as 20:1 buffered oxide etch). This development 
method adequately and reproducibly opens fractures at the optical surface that are closed or optically contacted to 
neighboring material and difficult to observe during microscopic examination6,7,13,14. 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.  
 
After specimen preparation and development, a Q-22 XY MRF (QED Technologies, Inc.) is used to raster polish a 
prescribed wedge into the optic side containing the process-induced damage network being evaluated (Figure 1). The 
lateral dimensions of the polished wedge are 6 cm X 6 cm limited by the diameter of the fused silica specimens used 
and the need to preserve an area of original surface around the wedge for subsequent reference plane datum 
generation. In general, any lateral dimension for the wedge can be used and multiple wedges can be placed into the 
optic surface if multiple experiments need to be conducted. A linear 1-dimensional wedge profile is used to perform 
the polishing on the MRF because of its simplicity and ease of measurement using the instruments available in the 
laboratory.  
 

Wedge profiles are measured using a Nikon NEXIV 
VMR series CNC-based optical measuring system. 
This is done by measuring the surface profile with 
laser distance measuring interferometry line scans 
that extend over the polished wedge area with 
coverage into the surrounding original surface for 
reference. A typical MRF 1-dimensional wedge 
profile cross section is shown in Figure 2. The profile 
shows the details of the wedge which includes the 
amount of uniform material removal realized from 
MRF polishing at the start of the taper, the precision 
of linear portion of the wedge, and the shape of the 
polished zone after the deepest portion of the wedge 
is reached. Other wedge profiles such as exponential, 
fractional power decay, and arbitrary user defined 
profiles, can be used depending on the depth 
resolution and signature desired in subsequent 
analyses. The wedge prescriptions are generated 
mathematically and converted to an interferogram 
format using software we developed for imprinting 
topographical structures onto optical surfaces. The 
details of this process as well as combining the 

prescription with a well-defined MRF removal function to polish in the wedge have been previously described11 and 
will not be reproduced here. The depth of the MRF polished wedge depends upon the process specimen being 
evaluated and upon the end point desired. In our experiments, we polished wedges into the specimens to depths 
beyond where all the process-induced damage is removed. These locations are arbitrarily selected at depths 
corresponding to approximately three-quarters of the lateral wedge dimension in the direction of increasing depth. Due 
to the deterministic nature of the MRF process, superposition is used to add to the wedge profiles in iterative MRF 
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Figure 2: The deterministic nature of the MRF process can 
accurately polish a wedge into an optical surface. The wedge is 
imprinted into the surface using a well-defined MRF removal 
function and computer generated prescription. Surface 
profilometry is used to measure the surface contour from which 
mathematical fits are made that correlate lateral contour with 
depth from the original surface. 
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