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Abstract

Because of its high strethlgand wide practical wavelength range, sapphire has become the
material of choice for large aperture windscreens for a number of etgttoal system
applications. Surface stress, ssirface damage and bulk stress introduced during crystal growth
and @tical fabrication can each deleteriously effect critical apgxhanical performance
characteristics in windows such as strength and durafiliaditional methods for measuring
these defects are destructive and, tloeee unsuitable as iprocessnspection toolsfor actual
flight hardware Severahondestructive optical techniquase presently under investigatiah
Exotic ElectreOptics under funding by the Air Force Research Laborafdmgse include
polarizationbased method#&\n update on experiamtal results using the photoelasticity
technique, a modified circular polariscope, will be preseriibe ultimate goal of this research
program is tgrovide a better understanding of the overall manufacturing process leatlieg to
optimal fabricationprocesgparameterdjme and cost

1.0 Introduction

Crystal growth andmtical fabrication processes such as grinding and polishing operations lead to
the creation of surface and ssiorface damage. These defects degrade the strength and the
performance ofunctional materials. In order to optimize thermechanical performance, the
damaged layer must be identified and minimized or eliminated by subsequent process steps.

Traditional testing methods for measuring surface stress arglisiizce damage incledall
indention testing, cleaving and cressctional analysis, and wedpelishretch testing, which are
all destructive tests [1, 2, 3The basic goal of this study toidentify and develoa method
capable ofletecting andjuantifyingdefects stressand subsurface damage usirgion
destructive pproach More specificallythis work is focused on a polarizatibased method
(photoelasticity) that appeared tothe most applicable as a large sapphire panel stress and
defect mapping tool.

To evaluatdhe application of tis nontcontact techniquto the detection of defects and stress
fields inherent or applied to sapphire panalset of lane sapphire panels were characterized
The sample set was composed auaber ofpolished specimen3he stess fields occurring in a
sapphire crystal panel are caused by the distortion of the crystal l@iticebjective in this set of
experiments was twinld: (a) touse a modified polariscope to detect defects in sapphire panels
and (b) tonvestigate theteess pattern/distribution associated with applied l@adisbegin to
guantifythoseeffects.

2.0  Optical birefringence (retardation)

Optical polarization based methods are well established means of characterizing nmiatéhials.
case, he technique wolves measuring the relative retardance of two orthogonal linearly



polarized light rays @and n are the refractive indices of the extraordinary and ordinary rays) as
they pass through a sapphire panel. The beam emerging from the panel is transtormed in
circular, elliptical or linear polarization state depending on the value of the induced phase shift.
The index of refraction of the,may varies with the direction of light propagation as follows:

nn, (1)
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where d is the angle between direct@modngd, of t he be

will be maximum when the extraordinary ray is perpendicular toptieal axis. This yields the
highest degree of interference coloratiBigure 1 shows the index surface of an optically

uniaxial crystal for a positive and negative crystal.
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Figure 1. (a) and (b) index surface of an optically uniaxial crygtareQis the angle between direction of
the beam and the optical axis.

Birefringence is also sensitive to the stress state of the material. As such, the measured level of
birefringencecanbe used to quantify stress in the panel. The relationship betetedance and

birefringence is given by

retardation =N(Ne— o) 2
and the correspondindnpse difference is
27
A_—;{m—m) .

where N is the thickness of the sapphire panel in nanomatets, is the vacuumvavelength.
The phase difference or relative retardatiAn,of the emergent beams is related to the

principatstress diﬁerence(o'l— 0'2) , using the Stres®ptic law, as follows:
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wherel is the wavelength of light used and c is the direct stiptis coefficient. The relative

retardation changes from point to point depending on the degstiresd. Therefore, the intensity
of light transmitted is governed by the stress fields. The relationship between the transmitted light

intensity and relative retardatiaﬁ,, or principal stress differenc@' 1-0 2) , for acircular
polariscope is given as:

_1 ein?
I =1,sin o (for darkfield) )

_| cod A
I =1,co o (for brightfield) (6)

wherel and | are the output intensity and incident intensity, respectiltely.convenient to
express equation (4) as

Kfs
where K is the relative retardation in terms of a complete cycle of retardation,
A
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is the material fringe value. For a given material fringe vaﬁeand relative retardatiOIK ,
the principalstress difference@1— 02) can be determined at every point. Practicdlﬁ/, (the

measured fringe order) is determined with a polariscopefarid established by calibration
techniques.

By using appropriate combinations of wasates (quarter and half wave plates) and

coordinating their orientations with respect to the optical axis, any desired output polarization
state can be achied. This provides the basis for applications to support material characterization
and product development.

3.0 Experimental SetUp and Results

The basic optical setp for the experiment reported here is a circular polariscope incorporating

an additioml birefringent plate, as shown in Figurelf.general, the instrument consists of an
assembly of optical components such as rotating waveplate/retarders and polarizers, a white light
and a CCD detector.



The samples used for this study weiglane sappire, grown bythe EdgedefinedFilm-fed

Growth (EFG) techniquéduring growth, he crystal is pulleéfom the melalong the maxis as
shown in Figure 3Usingaconventional circular polariscomenfiguration the signal from
defectshirefringences vely weak andoracticallyundetectable. In order teadilydetect defects

in sapphire, an extra birefringent plate for amplificatiaunst beincorporated as shown. Figure 4
showsa collection of imagesf sapphire panels obtained using the polarisclipgamedin

Figure 2 The photographs in Figure 4 fundamentally illustthteuse ofnodifiedcross

polarizers in the qualitative analysis of defects in sapphire panels.
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Figure2. Basic experimental sep: P= polarizer, QW=quarter
waveplate, S= sapphire panel, BP= birefringent plate, A= analyzer a
D= detector/CCD camera.
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Figure 3. Scbmatic diagram of the crystal orientations gflane sapphire used in the study.

Figure 4(a) was obtained without the additional birefringent plate. As can be seen, no visible
defect is observed. The incorporation of the extra birefringent platesrasthie enhanced
visibility of defects as shown in Figure 4(b). In this cdlse,defect consists of striations which
are observed to run perpendicular to the direction of material growth, namely alonguxie m
(10-10) of the sapphire crystal.



Figure 4 (a) Sapphire panel 1 withotlte additionaplate exhibiting no sign of defects; (b) sapphire panel
1 with the extraplate now exhibitig growthrelated striations; (c) sapphire panel 2 showing growth defects
and lattice distortions; (d) sapphire panel 3 showing growth defects and fringes associated with stress.

Theobservediefects are attributed growthinduced inhomogeneities that ynaffect the

processing andndapplication ofthe sapphire panelFigure 4(c) exhibits growth defects in

addition tolattice distortion thaare eacltlearly visible. Ths distortion is characterized by a

ridgelike structurethat appears to split intavd. Superimposed on this feature are small lines
running perpendicular to it. This particular feature has been observed previously in other sapphire
panels and its attributed to the growth proces$owever, the origin of the ridgée structure is

diffi cult to ascertain from the present study since no baseline data from the panel4in the as
received state were obtained prior to processing.

In Figure 4d), growth defects and fringes associated with stress are obs8ined.stress fields

in crystals chage the electron density and the indices of refraction are mainly determined by
electron density, it follows that the observed striations and lattice distortions show varying indices
of refraction in different regiaof the sapphire panefgain, he detetion of these defects is
improvedby the extra birefringent plate.

Figure 5 shows the effect of analyzing beam direction versus the sappliiselo generalthe
results show significant differences in defect visibility and interference célorexanple,
defects appear to be fainter and more colorful with increasing dfmleotation angles of less
than 10 degrees, defects are more visibégween 12 and 40 degrees, broad interference color



dominates with no defectsgsible. These results might lexplained on the basis of Figure 1
above, and thessults suggest the criticality of optical alignment in defect detection.

Figure 5 Images show the effect of analyzing beam direction versus the sapjalie () Imageaken at

0 degrees difference; (b) image taken at 6 degrees difference; (c) image taken at 10 degrees difference; (d)
image taken at 12 degrees difference; (e) image taken at 30 degrees difference; (f) image taken at 40
degrees difference.

Similarly, Figure6 shows theffect oftheanalyzing beam direction versus the sapphiaxim

In general, the defects get fainter and the sapphire changes both in color and intensity with
rotation around this axis. Atngles less than 10 degrees,dbéects are visibleéAt 12 degrees, no
defects are observed and the image appears black indicating that no light is transmitted through
the crossed polarizerBetween 15 and 20 degrees, defects are barely vasidleolors begin to
develop Between 25 and 40 degrebspadinterference colorare observewith no visible

defects At 30to 40 degreeghecolors appear more uniform



Figure 6 Images show the effect of analyzing beam direction versus the sapphiis.rfa) Image taken at

0 degrees difference; (b) image taken at 2 degrees difference; (c) image taken at 6 degrees difference; (d)
image taken at 10 degrees difference; (e) image taken at 12 degrees difference; (f) image taken at 15
degrees differenceg) image taken at 20 degrees difference; (h) image taken at 25 degrees difference; (i)
image taken at 30 degrees difference; (j) image taken at 40 degrees difference.



In Figure 7 theeffect of polarization angle on defect detectiwillustrated Imageswere taken
for angles of 30, 70, 90 110 and 140 degrees between the polarizer and analyzeisatear
from thefigure thatdefect visibilitydepends on the polarization directi@efects appear fainter
with increasing polarization anglat 140 deyrees, defects becoramostundetectable

Figures 8 and 9 show the evolution of stress distribution in a sapphire panel with applied load.
Uniaxial stress was applied via a calibrated mechanical clamping mechanism alorg the m
direction (Figure 9) and éhcdirection (Figure 8)The spatial variation of the stress field was
obtained by imaging the light transmitted through the sample during the uniaxial compression.
From the figures, one can see significant differences in the images as a functioneaf stpgds

and sample orientation. In general, mixed regions of dark and bright areas arectisaned.

The color variation shows the signal strength dedaright areas indicate higher internal stress.
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Figure 7 Images bow the effect of polarization angle on defect detection. (a) Image taken at 30 degrees;

(b) image taken at 70 degrees; (c) image taken at 90 degrees; (d) image taken at 110 degrees; (e) image
taken at 140 degrees.

By comparing the image in the zero apdlstress state aneb®und stressed state, it is apparent

that the dark areas at zero applied stress become the bright areas in the stressed image and vise
versa. This change indicates a change in retardation value associated with the applied stress. The
change in phase difference over the same physical path length in sapphire is also increased as the
applied load is increased; hence,ilacrease in deformation corresponds to an increase in bright
areas The bright areas arkie tothe stressinduced refrative index changwhich is related to

the phase shift by equation (3) aboRegions of highest induced local stresses

concentration poinjsare clearly visible (colored region#s the applied load is increased, the

stress concentration points irase toward the center of the panel.



