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Introduction

The purpose of this report is to provide a synopsis of a published paper, “Controlling Stress in Sapphire Optics,” including a discussion of the intended audience, key results, utility, and relationship to similar papers.

Overview
The paper reviewed is entitled, “Controlling Stress in Sapphire Optics,” by Maynard B. Smith et al.  The paper studied experimentally the amount of surface stress introduced to sapphire surfaces by a range of optical fabrication processes.  The work was conducted with the goal of evaluating potential methods for stress removal, which may be useful in reducing the cost and time necessary to fabricate sapphire optics to the desired optical figure and wave front distortion specifications.

Intended Audience

The paper is geared mainly toward optics manufacturers, offering some lessons learned that may be beneficial in reducing processing time and costs.  The paper deals specifically with sapphire windows, so the particular observations are directly applicable to sapphire window manufacture.  However, the evaluation techniques can be broadly applied.  In addition to optics manufacturers, this paper is useful to optical engineers, as an aid in understanding surface stress issues that may arise in the fabrication process and in facilitating discussions with the fabricator.

This paper would be most directly applicable to those involved in optical system design and manufacturing in which sapphire is a key element.  Sapphire has many unique properties that make it suitable to a broad variety applications.  Its broad spectral transmittance (150 nm – 6000 nm) makes it useful for applications in the ultra-violet, visible, near-infrared, and mid-infrared (see figure 1). With a single-layer magnesium fluoride coating, sapphire is greater than 98% transmissive throughout the entire visible spectrum.  Its superior surface hardness and abrasion resistance makes it very useful as a window or radome subjected to very harsh environments.  It also has extreme chemical resistance and can be used in chemically harsh environments.  Sapphire’s high thermal conductivity allows it to be easily cooled by forced air, or heated to prevent condensation.
  The authors specifically mention the midwave IR band (3-5 m), so I presume that this article would be most useful in the fabrication of windows used on midwave IR sensors.
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Figure 1.  Spectral transmittance of sapphire.

I am personally interested in this paper because there will be a thin sapphire element in a breadboard system which our group is going to have fabricated in the near future and I would like to learn more about these fabrication issues.

Summary of the Issues Involved and the Research Performed

The problem:  surface stresses in optical components impact their optical and mechanical performance.  Sapphire brings additional complexity to this issue, since it is a crystalline material, and its optical and mechanical properties vary depending on the orientation of its crystal lattice.  The authors note that although compressive surface stresses may actually be desirable to increase the material’s strength, reducing the residual stress caused by fabrication techniques is necessary to meet the strict optical requirements often demanded of sapphire windows, and this is most often the overriding consideration.

The goal:  to identify and evaluate processes for removing surface stresses from sapphire based on known material properties, rather than trial and error, in order to fabricate high-precision sapphire optics more efficiently.  

This work makes use of the Twyman effect, which states that if different surface preparation techniques are used on opposing surfaces of a thin, plane-parallel plate, then bending or distortion will occur as a result of the different stress levels on the two surfaces.  The amount of bending, or surface power, can then be related to the amount of surface stress.

The authors conducted two series of experiments.  The first set of experiments examined the amount of surface stress induced by two different polishing techniques, as well as the effectiveness of annealing at two different temperatures at removing residual surface stress.  The second set of experiments was designed to investigate what the authors refer to as the “brittle to ductile transition”.  Evidently, the mechanism of material removal can be either brittle (in which pieces of material are chipped off, albeit on a microscopic scale), which happens when large grinding media are used, or ductile, which occurs with very small grinding media.  

In the first set of experiments, 1.0” diameter sapphire blanks were lapped on both sides with either 15 m or 30 m polycrystalline diamond.  Following the lapping process, the samples were either annealed at 1450 degrees C for 4 hours, annealed at 900 degrees C for 4 hours, or received no annealing.  Previous work had shown that a 4 hour anneal at 1450 degrees C after the polishing step could relieve surface stresses, but the effect of this on the quality of the polish was unknown.  Therefore, in this work, the annealing process was conducted after lapping but before polishing.  After the annealing step, the samples were waxed down to steel plates for polishing.  Half of the samples received an inspection polish down to ¼ m.  The other half of the samples received a commercial pad polish with colloidal silica.  Power was measured on the polished surface of each of the samples with a phase shifting interferometer before and after deblocking.  A difference in measured power before and after deblocking is due to surface stresses caused by polishing.  The peak-to-valley surface roughness of these samples was also measured.

In the second set of experiments, 0.75” previously polished windows were ground and lapped on one side, using polycrystalline diamond media from 45 m to 6 m in diameter.  After lapping, the windows were measured for flatness (with the phase stepping interferometer) in the mounted and unmounted states, as above.

Results

Previous work had shown that different sizes of grinding media impart different amounts of stress to lapped surfaces.  Only miniscule differences were measured between the amounts of bending present in the samples lapped by 15 m and 30 m media in the set of samples that underwent the 4 hour 1450 degrees C annealing process.  This shows that the 1450 degree heat treatment effectively removed virtually all of the grinding stress imparted by the lapping process.  The only remaining surface stress was due to the post-annealing polishing process.

The grinding-induced bending forces measured on the samples that received the ¼ m diamond polish were on the order of 10 times higher than those measured on the samples that received the commercial chemo-mechanical pad polish.  This indicates that the chemo-mechanical polishing process imparts much less stress to the surface than does the diamond polishing process.  The chemo-mechanical polishing process was also found to have a stress depth that was a factor of 10 times shallower than that of the ¼ m diamond polish.

There were also some results that might be considered anomalous.  For example, previous work had shown that samples lapped with larger grinding media had higher grinding-induced bending force, but in this work, for the case of the samples which were not annealed at all, a higher grinding-induced bending force was measured on the sample lapped with 15 m media than the one lapped with 30 m media.  

This work also found that the best result in terms of surface stress did not correspond to the best result in terms of surface finish.  While the ¼ m diamond polishing process produced considerably higher grinding-induced bending forces than did the chemo-mechanical pad polishing process, the ¼ m diamond polishing process actually produced a slightly better surface finish in terms of peak-to-valley and root-mean-square surface roughness values.

A very interesting result is that there is a pronounced peak in the amount of grinding-induced bending force imparted to the surfaces as a function of grinding media size.  According to the authors, this peak corresponds to the regime in which the material removal process is transitioning from ductile material removal (with small grinding media) to brittle material removal (with large grinding media).  Figure 2 shows this trend, which is unique for sapphire.  Prior work had shown that in glasses, ductile material removal was associated with high grinding stress but low stress depth and brittle material removal was associated with lower grinding stress but deeper stress depth.  The peak in the transition region for sapphire corresponds to both high grinding stress and deep stress depth.  As such, it should be avoided.
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Figure 2.  Measured grinding-induced bending force as a function of grinding media size.

Utility

In order to achieve strict flatness and transmitted wavefront specifications, it is important to avoid high residual surface stresses.  The main utility of this paper is in providing awareness of the strong dependence of the residual surface stresses in sapphire optics upon the fabrication processes and parameters used to make them.  The paper identifies several rules of thumb that would be useful in designing good fabrication processes.  Optics manufacturers who utilize these guidelines are likely to reduce the time and cost necessary to reach the desired optical specifications.  Engineers exposed to this body of work will become conversant in issues which may be important in achieving the optical specifications that their designs require, which will be useful when interacting with optics fabrication shops. 

Relation to Other Works

The works cited in the reference list were a variety of previous publications by the authors in related areas, and works related to different aspects of the subject material, including optical fabrication processes and material removal mechanisms, behavior of glasses during manufacturing processes, anisotropy issues arising in sapphire, and background information and related uses of the Twyman effect.  One of the works cited was a review of the Twyman effect, which would be useful to review for further depth of understanding in this subject area.
  

A citation search did not yield any papers that cited this work.  This is more likely an indication that this work fills a niche interest than an indication of poor quality.

An article search performed with key terms such as “stress”, “sapphire”, and “optics” did not yield extensive results.  Of possible interest were the following.  One paper discussed optical homogeneity effects in sapphire crystals.
  This may be useful in choosing the growth technique that yields the best starting material.  The authors of this paper also have a later work that discusses the effects on the orientation of the crystal lattice upon its manufacturing characteristics.
  This expands upon the work of the current paper, which examined only a single crystal orientation.  Another paper surveys a variety of non-destructive techniques for detecting sub-surface flaws in sapphire, which is also related to sapphire optical quality.
  Another paper presents a different method for measuring stress in sapphire optics.

In general, this work draws on an extensive body of work in the grinding and polishing processes of optical glass materials and adds information for tailoring these techniques to the particular intricacies of working with sapphire.

Concluding Remarks

The following are some helpful guidelines for preparing sapphire optics with low residual surface stress.

1. Avoid the use of grinding media sizes that correspond to the brittle-to-ductile material removal transition regime.  The results from this paper would indicate that diameters from 10 m to 30 m should be avoided.

2. Use heat treatment to remove surface stresses prior to polishing.  Annealing at 1450 degrees C for 4 hours is a good rule of thumb, but this may be tailored as necessary.  In some cases (for example if both surfaces do not receive the same final polishing step), it may be desirable to allow a small amount of surface stress to remain in order to balance surface stresses that will be induced in the final polishing process.  In this case, the annealing temperature may be lowered somewhat.

3. Select a polishing process that will impart the smallest amount of surface stress and the lowest depth of stress.  Commercial chemo-mechanical pad polishing has proven to be far superior to diamond media polishing in this regard.

4. The Twyman effect is useful as a metrology tool to determine how much surface stress is being imparted by the manufacturing techniques under consideration to aid in the selection process.  It would be a useful sanity check to examine samples which undergo the proposed manufacturing process with this technique in order to make sure that the residual stress achieved is at acceptable levels.
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