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Shock-wave-induced optical emission from sapphire in the stress range 12 to 45 GPa:
Images and spectra
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We took short-duration exposure images and spectra of the optical emission from shock-compressed single-
crystal sapphire-Al,0;) for three common crystal orientatiorsplane{000%, a-plane{1120}, andr-plane
{1T02}. The images show that this emission is not homogeneous, but is spatially localized. For a given shock
stress, the-plane orientation consistently produces less emission intensity than the other two orientations. The
emission spectra were fit to a gray-body function. Apparent temperatures range between 4700 and 5400 K,
consistent with earlier spectroscopic work. The value of the apparent emissivity in the spectral fits is very low,
between X 10 2 and 6x 10 3. We attribute the emission source to be shear banding which is not associated
with twinning or slip on{000%.
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[. INTRODUCTION superior window qualities. It has a rather high shock imped-
ance among window materials. Sapphire is readily synthe-
A shock wave is a large-amplitude compressive stres§ized in large, pure, single-crystal windows of high structural
wave which is characterized by a very abrupt region of tranPerfection and is relatively inexpensive. The room-
sition from the uncompressed state to the compressed sta@mpPerature and pressufeTp) transparency of the material
(the “shock front”).! Shock waves are related to sound 'S quite good. The useful transparency range of as-grown

(small-amplitude stress wave phenomeaad a weak shock ?yrr:thetlc nmgterl?(lt enxéegd;sn f:ﬁm 2It5rovtiol 4t5?0 {T(') r?rgdvmlr?
wave propagates through a solid material at a speed compaa} e?:(iealcaroceess?n@e € € ultraviolet 1o
rable to the longitudinal sound speed in that same material” P :

H hock i di teadi Unfortunately, this excellent transparency under RTP con-
OWEVEr, Snock wave propagation Speed INcreases stea '&ftions deteriorates significantly under shock loading condi-
with increasing amplitude and a strong shock wave will

tions. Very early in the history of the velocity interferometer

propagate somewhat faster than the sound speed. system for any reflectofVISAR) (Ref. 5 measurements it

A one-dimensional steady shock wave, such as can bgas discovered that sapphire was unsuitable as a VISAR
launched by the high velocity co-planar impact of a flat pro-yindow when its Hugoniot elastic limHEL) is exceeded.
jectile with a flat target, is a very convenient way of gener-(The HEL is the maximum shock stress that a sample will
ating large compressive stressgsadily in excess of one sustain without undergoing plastic deformation. It generally
million atmospheres for many solid materlal€ompression  depends on crystal orientation for single-crystal samples.
using a strong shock wave has been an important techniqugrtiew investigated the suitability of sapphire as a pyrometry
for attaining high pressures in condensed matter for manwindow for 900 nm lighf He concluded that under these
years? Optical experiments on shock compressed samplesonditions sapphire was transparent at 85 GPa but showed
frequently require the use of an optical window. Such a win-loss of transparency above 100 GPa. His crystal orientation
dow has two main functions: to allow optical radiation ac-was given as 60° off of the-axis. Regarding the work of
cess to the sample surface and to pressurize the sample sutiew, McQueen and Isaak pointed out that the apparent
face. For example, a window is useful for studying anloss of transparency could have been caused by the reference
opaque material such as a metal. For metals, all optical meavindow material(sodium chloride¢ becoming hot and opti-
surements are restricted to within a few nanometers of theally thick.” McQueen and Isaak interpreted their own results
surface. However, a free surface is not useful for observings indicating that sapphire was probably transparent up to
high-pressure states because a free surface cannot be prged GPa. Webb, using light of wavelength 300—-500 nm,
surized, hence the need for a transparent window. demonstrated that for theplane(“ Z-cut”) orientation, loss

Not all transparent, rigid materials make suitable windowsof transmission began at tleeplane HEL and increased dra-
for this application. A popular material for many shock- matically with additional increase in stressie was unable
compression applications is lithium fluorideiF).2 The out-  to distinguish between scattering and absorption as the
standing feature of LiF is its optical transparency undemmechanism responsible for loss of transmission. No wave-
shock load conditions. Its shortcoming is that it has a relaiength dependence was found for this transmission loss be-
tively low shock impedance  =mass density tween 300 and 500 nm. Kondo found that the emission spec-
X shock velocity), making it rather inefficient at pressurizingtra of shock-compressed sapphire between 15.6 and 84.7
samples. Sapphire, on the other hand, would seem to hawePa could be described as gray-body radiation with a fitting
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temperature of about 4930 k470 K Within the uncer- Bageplata
tainty in his data, this fitting temperature appeared to be in-
dependent of shock stress, but that the fitting emissivity of
his results did increase with shock stress. Kondo’s fitting
temperature is much higher than the 310-620 K computed
for sapphire in the same shock-stress rahgased on its
thermodynamic properties and the conservation equations of
fluid dynamics as specifically modified for shock
compressiort! Kondo attributed the emission mechanism in
sapphire to “triboluminescence with a long decay time.” Ex-
tending Webb’s afore-mentioned work, Kwiatkowski and
Gupta studied the emission, extinctioh50—650 nny and FIG. 1. Front and side view of sapphire targets. The baseplate is
scattering(514.5 nm of c-plane sapphire above the HEL. made of either 304 stainless steel or iron. The sapphire sample has
They found weak, broadband emissigvhich was, however, a 500-nm-thick chromium coating which faces the baseplat¢
too narrow to be gray body extinction which was more shown). The coated side of the sapphire is bonded to the baseplate
effective for shorter wavelengths, and showed that at leadtith @ very thin layer of epoxy. “SS” stands for stainless steel.
part of that extinction was due to scattering. By further as- — — i . i
suming that all extinction was due to scattering, they found 1120}, andr-plane{1102} orientations from Meller Optics,
the extinction was consistent with a distribution of Mie scat-Inc. (see Appendix B Sample purity was 99.99% or better.
terers small compared to a wavelength of light. Some of ther-plane, and all of thec-plane anda-plane
Regarding the imaging of shock-induced emission insamples were fully oriented by Laue backscattefihghe
other transparent crystals, Brooks demonstrated that the crygemainder of the-plane samples were fully oriented using
tal orientation ofa-quartz made a striking difference in the crossed polarizeré.e., location of the optic axjs The fully
appearance of the emission imag&sie concluded that the oriented samples were indexed with the appropriate mark-
emission for thex orientation was associated with piezoelec-ings so that full sample orientation could be reconstructed in
tric activity, whereas emission from théandZ crystal ori-  the emission images.
entations was a more common type of triboluminescence and The sample construction is outlined in Fig. 1. The diam-
was similar to shock-induced emission seen in fused silicagter of a sample was fitted into a stainless steel ring to mini-
(Note: The piezoelectric effect is symmetry forbidden in sap-Mize potential emission due to lateral unloading of the
phire) Brannon, Morris, Konrad, and Asay showed imagessample. The ring was blackened to minimize spurious optical
and optica| pyrometry measurements)6tut a_quartz and reflection. The ring-Sample assembly was bonded to a base-
another transparent and piezoe|ectrica”y active Crygtaut plate of either 1.8-mm-thick stainless steel or 2.0-mm-thick
lithium niobate'* The quartz images revealed intense, spairfon using a thin layer of epoxy. The sample surface bonded
tially localized emission coming from distinct crystallo- to the baseplate had been coated with 500 nm of chromium
graphic planes, which the authors identified as known fracsO that the baseplate-epoxy-sample jd¢atpotential source
ture planes in quartz. They showed that the onset of emissioff spurious emissionwas hidden from imaging and spectral
occurred at dynamic yielding and that it eventually became/iew. Electrical shorting pins were used to trigger the diag-
spatially homogeneous as stress increased. They found tf@stics and to determine impactor tilt.
emission from quartz to be bandlike and similar to photolu- Shock compression was achieved by impacting the
minescence spectra from structural defects of quartz. sample with a 1.6-mm-thick tantalum impactor plate,
The intent of this work is to study shock-compression-mounted in a polycarbonate sabot, which was launched from
induced optical emission in fully oriented single-crystal sap-a two-stage light gas guffi. For impactor velocities below
phire by concurrent spectroscopic and imaging measurel000 m/s a single-stage gas breech gun was used. The pro-
ments, specifically to improve understanding of thejectile impacts the sample assembly from the baseplate side,
connection between sapphire crystallography and this emidaunching a shock-compression wave which propagates to-
sion. More generally we seek to further understand opticayard the sample. The direction of propagation of the shock
WindOWS, inc|uding their deformation mechanismS, andwave is normal to the SDECiﬁEd orientation plane. For ex-
eventual failure as an effective optical window under shock2mple, a shock-compresseeplane sample means that a
compression conditions. shock wave was launched in single-crystal sapphire with di-
The present work extends previous work by concurrentlyrection of propagation normal 1102} (and consequently

examining the Spatial and SpeCtral distribution of ShOCk-the wave front was Co_p|anar W|m102}) The experimen_
induced emission in sapphire. It shows how this emission iga| apparatus is illustrated in Fig. 2.

- Shorting pins (3)

SSring

Sapphire

Crosshairs

Side view Front view

affected by crystal orientation and shock stress. Shock stresses in sapphire were computed according to
the proceedure outlined in Appendix A using measured im-
Il. EXPERIMENTAL PROCEDURE pactor velocities and the known mass densities and Hugoniot

data of the baseplate, sapphifeand impactor materiaf$.

Colorless, synthetic, single-crystat-Al,O; (sapphir¢  Elastic wave data for computing elastic stresses-plane

was purchased as disks 3.00 mm thick by 15.0 mm diametesapphire were taken from Graham and Brobk$here are
with the disk surface in the basal omplane{0001}, a-plane  two special issues to be addressed concerning our reported
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TABLE |. Data for recomputing shock stresses in sapphire:
“iron” is pure iron. “SS” is 304 stainless steel.“incident stress” is
Turning the shock stress in the baseplate created by the impactor-baseplate
misror impact and is incident on the baseplate-sapphire junction.“Sample”
gives the crystal orientation of the sapphire.“Nominal stress” is the
approximate stress of transmitted shock wave in sapphire. Stresses
computed using the elastic sapphire Hugoniot are in parentheses.

Ta impactor

Target

Optical fiber

Shot number Baseplate Incident Sample  Nominal

Target chamber wall e stress(G pa stress(GPe)
627 iron 20.27 r 20.4
628 SS 22.77 c 21.1
I: Nt b [ ] 630 Ss 23.42 a 21.7
Imaging 631 SS 53.56 r 47.2
camera 635 SS 50.51 c 44.7
636 SS 50.23 a 44.5
FIG. 2. Schematic of experimental setup. Both imaging camera 637 ss 46.83 r 416
and spectrograph have associated controllers, pulsers, and data ac- 638 SS 4514 c 402
quisition computergnot shown. 822 ss 22 06 c 212
823 SS 14.00 c 13.2(15.0
values of shock stress. First: Shock-stress for each crystal gosa sSS 10.61 c 10.1(11.5
orientation theoretically should be evaluated using Hugoniot  gog sSS 23.60 c 21.8

data for the same orientation. Second: There are large uncet

tainties in the value of shock stress near the HEL, as with the N hf wral irradi t the entrance side of
value of the HEL itself. spectrograph for spectral irradiance a

. _ . the optical fiber.
Regarding the first issue, for the elastic case we used only 4o sample emission for the image was relayed by a mir-

c-plane Hugoniot data to evaluate stresiplane samples, o through a target-chamber window to the imaging camera.
so this issue does not arise for our elastic stresses. For thge imaging camera was fitted with an /2.8, 180 mm cam-
plastic Hugoniot we used the Los Alamos compiled #ata era lens for good filling of the intensified CCD camera
for sapphire of unspecified orientation and applied it to allICCD) array by the image. One image was acquired per
three of our crystal orientations. Based on recent sounéxperiment and the exposure duration varied between 12 and
speed work for a-, c-, andr-plane sapphire, we believe the 50 ns. Typically the imaging exposure gate pulse was cen-
worst-case scenario is a 4% error in shock stress for ouered at the time where the shock wave was computed to be
target geometry due to this particular issue. about one-third to halfway into the sample. The imaging
Regarding the second issue, as mentioned previously, weamera was operated without bandpass filters and was sensi-
used the Los Alamos compiled plastic Hugoniot data for pretive to wavelengths in the approximate range of 350-850
sumed plastic stresses above 13 GPa whether it was apprid™.
priate or not. In fact, the data composing this Hugoniot ex-
tends from a nominal 21.3 to 143.5 GPa. Plastic stresses
reported between 13 and about 30 GPa should be considered Many of the lower stress experiments did not generate
very approximate, as well as elastic stresses above 12 GPenough signal for a spectrum. However, when spectra were
In anticipation that there may be a future resolution to thissuccessfully acquired they were flat and featureless, with
problem which could result in more accurate evaluation ofspectral irradiance being fairly evenly distributed at all wave-
sapphire shock stress in this troublesome range, Table | réengths within the spectrograph range. In Fig. 3 we show a
ports the necessary data to re-evaluate this quantity. raw sample spectrurishot 635,c-plane 45 GPralong with
Light for spectral analysis was collected by a 0.22 nu-the secondary standatdluminator), and a dark count, with
merical aperture 200-micron-silica-core optical fiber whichthe sample and standard spectra offset vertically for illustra-
was mounted against the free surface of the sample. Thigve clarity. In the sample spectrum chosen for this figure,
fiber led out of the target chamber to a single monochromatothere appears to be just a hint of a low, very broad feature
fitted with a gated, intensified diode array detector. The speowhich appears as though it were centered at roughly 730 nm,
trograph acquired one exposure per experiment. Exposuiteut this feature was not reproducible. All experiments which
length ranged from 50 to 140 ns but the spectral exposurgielded a usable emission spectriine., measurably differ-
gate pulse was centered on the time when the shock wawent from a dark spectrunmwere qualitatively similar to that
was halfway through the sapphire sample. The range oéf Fig. 3 including two spectra at the lower e@D—-22 GPa
wavelengths collected was 280-730 nm and the spe®f the stress range studied.
trograph was operated with a resolution of 15 nm. A quartz- We used a standard of spectral irradiance to calibrate our
halogen illuminator was calibrated as a portable secondargpectrograph prior to each experiment. The spectrograph was
standard of spectral irradiance, and used to calibrate thalways calibrated such that a known spectral irradiance when

Ill. RESULTS
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Shot 635 L gfggkbody: T =1973K ,/
ool c-plane, 45 GPa Sapphire emission | 8- |— Gray-body: fi',’ :if;gg“ , 7
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g 2000 - I - ] 7
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FIG. 3. Examples of raw spectréi) Shock-induced emission B — Gray-body: _sr’, fgglgf:g’ /
spectrum from shot 635{plane at 45 GPa, offset by 1000 counts = — . ,/_
(ii) portable standard of spectral irradiance, offset by 300 counts. § 301 - . . Z 7]
(iii) dark count spectrum. §_ . P »
Shot 636
_ o _ 2t aplane 45GPa 7 .
applied to the entrance end of the optical fittee end which e
would be eventually butted up against the sampjave a 1ol i |
certain measured response of the spectrograph. This allows -7
us to reconstruct from our spectra that component of average e -
spectral irradiance at the fiber entrance position which was 040 045 050 055 o060 065 030 075
propagated by the fibdi.e., within its numerical aperture Wavelength (um)
We then did a gray-body fit to this emission, with apparent ]
rameterg(also see Appendix ﬁ21,22 induced emission from sapphire f@a) c-plane at 45 GPa, an(b)

a-plane at 45 GPa.

€' 2mwhc?
W =
)\5( exp( he ing its shape. Thus th&’' are around 5000 K because the
ANKT' shape of the emission spectra are almost flat over the ob-
) ) ) ) served range of wavelengths! is very low because the
Here W, is that portion of the average spectral irradiance atpectral irradiance of the emission measured at the entrance
the fiber entrance which is within the acceptance cone of thgf the optical fiber is very low compared to the spectral ra-

fibel’, h is the Planck ConStaI’l'C is the Speed of ||ght in diant emittance of a 5000-K b|ackb0dy surface.
VaCUUm,k is the Boltzmann ConStan?t, is the WaVelength of Plotted in F|g 5 are thé” for all our Successfu“y ac-

the radiation(in air). We applied this fit to all experiments
which gave usable emission spectra. We mention here that

) . ) (i) €' simply scales the gray-body function without chang-

7000 T T T T T T T T T]

the fit to a gray body is an expedient: we reserve judgment as Emission temperatures
to whether this light is or is not thermal incandescence. Fig- Melt line of Al05
. 6000} i
ure 4 shows two representative examples: shots 6384ne .
45 GPa and 636(a-plane 45 GPa The former yielded 4780 s000l.

K (=3%) with ane’ of 2.0<10 3 (+=17%). The latter
yielded 5383 K (- 7%) with ane’ of 5.4x 1073 (+32%).

f
W HE et

Temperature (K)
-y
[=3
[=]
=]
1
1

These temperature and emissivity uncertainties are generated oo “
by t_he fitting routine and are only indicative of th_e goodness 2000l A6 o Melt line: Shen and Lazor (Ref. 23)
of fit of the gray-body function to the data. The fits are mar- g * r-plane

. . . o o c-plane
ginal, but the conclusion is in good quantitative agreement 2000|- v a-plane _
with Kondo regardingl”. Our ¢’ also compare favorably to ol e e e et R 24)
emissivity values plotted in Kondo’s Fig. 5, which appear to 1000, | 4 Kondo (Ref.9) , i
center at about %10 2 at about 45 GPa. 0 10 20 30 40 50 60 70 80 90

Figure 4 also shows an attempted blackbody fit of the Stress (GPa)

same data seti.e., ¢’ was constrained to be).1Clearly, FIG. 5. Measured gray-bod¥’ for shock-induced emission
these two blackbody fits are not right at all, but this at-from sapphire versus shock stress, plotted with sapphire melt line
tempted procedure illustrates two interesting poiitsT’ of  yersus hydrostatic pressure. Measured gray-body shbeke from

a gray-body fit is derived from the shape of the spectrumthis work and Kondo. Measured melt-line data are from Shen and
Because the measured spectral irradiance is quite flat acrogszor. Calculated melt line data are from Wang, Mao, and Saxena.
the range 400—750 nm thE€ are coming in around 5000 K, The Clausius-Clapeyron melt line slope, evaluated from
which is peaked near the middle of this wavelength rangeatmospheric-pressure data, is also shown.
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22 GPa 21 GPa 627
gain=1.0 825 gain=1.0 822

p '.‘ip‘\ s
r.‘\/ :
.y r-plane c-plane a-plane
:.' 20 GPa 21.1 GPa 22 GPa
FIG. 7. Shock-induced emissiomegative images forr-, c-,
anda-plane sapphire for the lower stress range. Within this figure,
13 GPa (plastic) L . . L. - ]
15 GPa (elastic) 11.5 GPa (elastic) emission intensity is quantitatively comparable. From left to right:

gain=2.5 823 gain=83 824 r-plane at 20 GPa-plane at 21 GPag-plane at 22 GPa. 20 GPa is
well beyond ther-plane HEL.

P > ) : versus shock stress and hydrostatic compression data versus
/ . pressure. We believe the comparison is worthwhile but
should not be expected to be perfect.

j / Temperatures for the homogeneous shock-compressed
\ / L state of the base plate and window can be estimated based on
the steady-shock conservation equations and a thermody-
namic equation of state for the material. For our lower stress
range(for computational purposes, taken as 22 GiRe pre-

FIG. 6. Shock-induced emissioimegative images ofc-plane  dicted final sapphire temperature is around 39 °C. Final base-
sapphire at shock stresses between 11.5 and 22 GPa. Relative caplate temperaturg$on or stainless steeshould be less than
era gain is also given. Greater gain means increased sensitivity tb20 °C. For our higher stress ran@faken as 45 GBathe
emission. Thus the real disparity in emission intensity is everfinal sapphire temperature is predicted to be at 120°C and
greater than is apparent, because the lower the stress, the higher tiee baseplate materials at less than 370°C. There is a very
sensitivity the camera was operated(@.22 GPa, gair 1. (b) 21 serious disparity between these computed temperatures
GPa, gairr 1. (c) 13 GPa(assuming plastic Hugonipbr 15 GPa  gndT'.
(assuming elastj¢ gain=2.5. (d) 11.5 GPa(elastio, gain=8.3. Figure 6 shows four images afplane sapphire shocked

to stresses from 11.5 to 21.8 GPa. This figure clearly dem-

quired spectra together with the gray-body fit data of Kondoonstrates that for the-plane case, the emission basically
Our T’ are the same to within the error bars and are in venturns on between 13 and 22 GPa. Since the HEL-pfane
good agreement with his results. Kondo measured this propsapphiré is also reported to be within this stress range, the
erty over a larger shock stress ran@é.6—84.7 GPafor  shock-induced emission appears to correlate with the onset
sapphire of unspecified crystal orientation. He found that hi®f plastic deformation in sapphire, at least for ttwlane
T’ were independent of shock stress. Our data augment Korcase.
do’s original result by showing thaf ' does not seem to We used fully oriented samples in an effort to correlate
depend on crystal orientation. Also shown in Fig. 5 are meltemission with slip on known crystal slip planes of sapphire.
ing temperature data from Shen and L&2@nd computed We found what can be at very best described as slight and
melting temperatures from Wang, Mao, and Saxérighe  admittedly somewhat subjective evidence for such a correla-
Clausius-Clapeyron relatiéhwas evaluated using one atmo- tion. If such a correlation does exist for these three crystal
sphere melting point data from various soufféé and orientations of sapphire, then it is much weaker than the
therefore the result should accurately represent the slope effect previously demonstrated fa¢cut a-quartz:>**
the melting curve for low pressures. For shock emisdion Figure 7 shows a quantitative comparison of the shock-
the stress variable of Fig. 5 is shock str@iss., the normal induced emission images at the low-end stress range 20-22
stress on a plane which is both behind, and co-planar withGPa. Thec-plane anda-plane bright regions are heavily satu-
the wave front For melting curve results, it is hydrostatic rated due to the high effective gain conditions used for the
pressure. For an inviscid fluid there is no difference betweenletector for the low-end stresses. Clearly th@ane sample
shock stress and pressure, but for materials of finite strengtbmits less light thara- or c-plane. Figure 8 is, likewise, a
the final strain state achieved by a shock wave and a hydraguantitative comparison at the high-end stres&&3—47
static compression are distinctly different. In the extremeGPa. It also shows that the-plane again yields the least
case of an isotropic elastic medium, a stress wave results shock-induced emission of the three orientations. This clear
uniaxial strain whereas hydrostatic compression results idependence of the emission on sapphire crystal orientation
isotropic strain. Our point here is that melting temperatureand the apparent turning on of the emission at the sapphire
versus shock stress will not necessarily overlay melting temHEL are two pieces of compelling evidence that the source
perature versus hydrostatic stress for sapphire modestlyf the emission is indeed the sapphire, and not the metal
above its HEL. We therefore plot shock-compression dat&oating, glue joint, or baseplate that backs the sapphire.
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r-plane r-plane |t, displacement t, -
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FIG. 9. Shear banding. The roughly micrometer-thiBlef. 28
shear band and its associated rigid-body-motion region. This shear
band/rigid structure grows at the expense of the constant shear-
strain-rate plastic flow region.

N Y tion on {0001 would be minimal in the case of-plane
W samples since a longitudinal wave propagated exactly down
the c-plane normal puts zero shear stress{6001. The
a-plane orientation hold§00% at 90° to longitudinal wave

FIG. 8. Shock-induced emissiomegative images forr-, c-, propagation down tha—plane normal. In this latter case the
anda-plane sapphire for the higher stress range. Within this figureMagnitude(see Appendix Dof the shear stress 40001 is
emission intensity is quantitatively comparable. Clockwise, starting’0nzero, but still small relative to the shock str¢s%o, the
from upper leftr-plane at 42 GPa;plane at 47 GPa-plane at 45  magnitude of the ratio of the elastic constants/c,) 22 0n
GPa,c-plane at 40 GPa. the other hand, the-plane orientation holdf0001 at 57.6°
relative to the direction of shock propagation so that the
magnitude of the shear stress @001 will be much larger
(approximately 35% of the shock strggkan for the other

The heterogeneous nature of the shock-induced emissidwo orientations.
suggests shear banding as a plausible source of the emission.The r-plane orientation shows reduced shock-induced
As our interpretation of the results invokes shear-bandingmission. Hyun, Sharma, and Gupta showed that it has an-
theory?32°a brief summary of this effect will be given here. other interesting property: Its HEL is nearly a factor of 2
A simple case example is illustrated in Fig. 9. Initially, ma- smaller than that of th@- and c-plane orientationgabout
terial is undergoing plastic deformation at a constant8.0-8.5 GPa for-plane.®?

(throughout spageshear-strain rate. This type of plastic  As discussed above, deformation {901 is a conspicu-
shear deformation is unstable in materials which thermallyous feature in shock-recovered sapphire samples. It is not
soften. Shear flow stress is lower in regions of higher tem<¢lear whether this deformation occurred during the one-
perature. Reduced flow stress tends to funnel the global shedimensional(1D) loading or complicated unloading process.
displacement into these warmer regions, causing a locallif we assume this deformation was due to loading process
enhanced shear strain rate. Enhanced shear strain rate ledlen it is a plausible mechanism for the low HELreplane

to increased frictional generation of heat, which further heatsapphire, since the shear stress magnitud¢0001 is sig-

and softens the already hot area which again leads to yaeitificantly greater for-plane than for the other two orienta-
higher local shear strain rates. This effect gives rise to aions. Furthermore, if the shock-induced emission is in fact
tendency for a homogeneously shearing, homogeneousthermal incandescence, the reduced flow stressptdne(as
heating body to evolve into a heterogeneous structure with enanifested by the reduced HEEhows that the viscous dis-
very narrow region of violent shear and heat generation adsipation(the frictional heat source term in the energy equa-
jacent to regions of rigid-body motion with no heat genera-tion) is reduced. All else being equal, this would imply re-
tion. This narrow region of intense localized shear flow is theduced deformation zone temperatures and hence less thermal
shear band. We do not discount the possibility that materiaémission.

within the shear band could be heated beyond the melting But even if the emission is not thermal incandescence, if
point (the ultimate thermal softening! ther-plane material endures the most deformatioq@301}

TEM studies of several crystal orientations of sapphireand it always shows the least emission of the three orienta-
shock compressed and recovered from stresses up to 24 Giens it seems reasonable to conclude that the prominent op-
indicate that twinning on the-plane{0001} is the dominant tical emission ofa- andc-plane samples is not generated by
deformation structure remaining in the recovered materialtwinning and slip on{0001}.
and also that these structures were minimal for the shocked We have presented evidence that the observed shock-
c-plane sapphiré®! It is easy to rationalize why deforma- induced emission is associated with the inelastic deformation

IV. DISCUSSION
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of sapphire. Is this shock-induced emission thermal incanerude estimate that the radius of the circular projection is
descence, or is it some nonthermal form of mechanoluminegrowing at about 3—4 km/¢elastic shear wave speeds in
cence? We still do not know the answer to this. We lay outsapphire are around 6 km/#\s these structures are almost
both cases for the reader to consider. perfectly circular in projection, the source which produced
The case for nonthermal mechanoluminescence: Figure them is very small compared to 1 mm. Because there is not
shows that the melting temperature of sapphire increase® obvious size gradient with respect to position on the im-
with increasing hydrostatic pressure. The melting tempera@d®; the sources can not be confined to a planar region such
ture is a natural place to pin the temperature of a shear barfif the chromium coating on the sample’s upstream surface so
as will be explained momentarily. Yet Kondo’s and our fitted that the source of this emission seems to be distributed
temperatures of this emission seem to support an emissigifoughout the bulk of the sample. These interesting struc-
temperature which is independent of stress. Why does thIl's are almost certainly connected with spherically or cy-
measured emission temperature not increase with increasingdrically symmetric stress waves of some sort but we do
shock stress in a similar fashion to the expected melt lind1ot attempt further speculation at present.
behavior? Kondo also came to the conclusion that sapphire
emission was some nonthermal form of mechanolumines- V. CONCLUSION
cence. However, his conclusion was based on the emission There is an extensive body of pre-existing work concern-

app_earing to increase as the .sa.pphire started to unload. _Itiiﬁg shock-induced emission from sapphire. Our work ex-
distinctly possible that the emission from unloading sapphirganqs previous knowledge by studying this emission for

is due to an entirely different mechanism from the emissionyhqci waves propagated in three different crystal directions
generated by the loading process. _ _using fully oriented single-crystal samples, and by imaging

_The case for thermal incandescence: Referring again tis emission in conjunction with spectroscopy of this emis-
Fig. 5: The pressure dependence of the melting temperatut§,, The most important result of this paper is that the emis-
has not been experimentally determined beyond 26 GPa. Thg,, intensity is significantly reduced for the case-gflane

behavior of the melt line above this stress is supported ergjjentation relative to the other two orientations studiad

tirely by simulation. There are disturbing inconsistencies be 4 c-plang. Although the source of this emission is linked

tween the simulation and the experimental data in their rangg, piastic deformation, it is not the plastic deformation most
of mutual overlap. The experimental data below about 8 Gpﬁommonly found in shock-recovered sapphire samples,
seem to agree with the Clausius-Clapeyron result. The Simt_ﬁamely basal slip and twinningdeformation on{0001).
lation data clearly do not. There appears to be a change s i pecause theplane orientation yields the least emis-
slope of the experimental data at around 8 GPa which is nQljon, intensity, but available evidence suggests it should en-

reproduced in the simulation and the experimental datqyre the most basal deformation of the three orientations
above 8 GPa support a more gentle increase in melting temy,qied in this work.

perature with pressure than does the simulation.
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APPENDIX A: COMPUTATION OF SHOCK STRESS the elements of fluid dynamics. It turns out that the concepts
of conservation of mass, momentum, and energy are equally

The shock stresses which we reported for our sapphirgpplicable to shock waves in solids and E&3) is stil

igmpﬁzdaggcﬁrgiﬁt ?g szgr!ﬁ?mrigzei%ul?e-sratljzlgy\i,\r/letrr?e fieft plicable, provided that is given a slightly different inter-
ofshpock com ressi%n in condensped matter, which we outling etation.p must now be reinterpreted as the increase in

. P S normal stress on a plane which is co-planar with the shock
very briefly below. Good references for this subject are Refs

. ) : front. p as reinterpreted for solids is refered to as the “shock
2 and 33-35. For the reasons mentioned in the Experiment, kress” throughout this paper.

Procedure section, the stresses computed by this method for Using Eq.(A3) we can construct thevery useful loading

(Srilggreelgs;g;%g?mhgteem the 13-30-GPa range should be “ONturve ofp versusU, for a given material. To do so, we must

This appendix is not meant to be exhaustive or complet know the material’s initial state mass density, and also know

regarding the general theory of impact-generated stregge mathematical relationship betweehy and U, for the

. . o Waterial. This latter functional relationship is frequently ref-
waves in solids. It does, however, lay out the basic ideas an . . . : !
ered to as a “Hugoniot.” There is a unique Hugoniot for each

algebra necessary to generate Table I. It is intended to bL(Jenique initial state of each material, and each Hugoniot is

kept simple and informative for the layperson seeking a very sually determined through numerous shock compression

basic understanding of how the shock stress values of Tabfééx eriments on the same material starting from the same
| were computed. P 9

We begin by considering a steady planar shock Wavlmtlal state. The most widely known and used Hugoniots

propagating through a fluid. We use the example of a flui ave the RTRroom temperature and pressustate as the

for conceptual simplicity. but the resulting exoressions aremitial state and unless otherwise stated the term “Hugoniot”
P plctty, 9 &xp il mean the Hugoniot with the RTP initial state. It is found

also applicable to shock compression of solids, provided that " M llv that the simple li ¢
the stress variable is correctly interpreted. empinicaly that the simple inear form

The case of the steady planar shock wave is readily ana-
lyzed by considering a reference frame which travels at the
same constant velocity as the shock front. In this referenc
frame, the steady shock wave is a time-independent structu
with material flowing into the front region at constant veloc-
ity and exiting the front at a constant, but reduced velocity. Under conditions which are met by tilt-free, normal inci-

The contlnu|ty(cons¢rvat|on C.)f maﬁmome”t‘%m’ aqd ence, high velocity impacts in most materials, the impact
energy equations of fluid dynam!cs |n'the|r one-d|men5|onagrocess launches two counterpropagating, steady shock
steady-flow form may be applied _dlrgctly to the SteadyWaves: one in the impactor and one in the baseplate. There
shockyvave flow pat_tern. The continuity and momentumare two boundary conditions for this casig:net shock stress
equations arérespectively is continuous, andii) net particle velocity is also continous
across the(sample baseplatgunction after impact. Arith-

Us=c+sU, (A4)

fs adequate over a large range of shock stress for many ma-
t&rials, including the impactor and baseplate materials used
in this work.

U;=poUo, Al . X C
P Poto A metically speaking, these two conditions are expressed as
P1+p1UT=Po+ pouf. (A2)  follows:
Po, po, andug are the fluid pressure, mass density, and flow PA=PB, (A5)
velocity ahead of the shock front. The subscript “1” applies
to the same quantities behind the fromiote: the energy Ui—U..=U (A6)
equation is not usually needed when computing shock stress tpAT B
by the method which we outline here Here the subscriptd and B denote the impactor and base-

A particulgrly useful expression is ob.taine.d by transform-mate’ respectivelyl; is the velocity of the impactofthe
ing the continuity and momentum relations into a referencaﬂyern ) before impact. The negative sign in front df, is
frame at rest with respect to the material ahead of 'Fhe fronbecause the shock wave in the impactor propagates in the
(P=P1~Po,Uu1=Us,u,=Us—Uy) and then appropriately opnosite direction to the motion of the flyer and the shock
combining them to eliminatg, wave in the baseplate.
-, UU (A3) The above impact boundary conditions have a very nice
P=Po¥sHp- visual representation in the form ofmversusU, plot. In
Here, Us is the shock front propagation velocity relative to such a plot, the baseplate is represented by itsU , curve
the material ahead of the front, aky, is the particle veloc- centered op=0, U,=0. The impactor is represented by its
ity of the shock-compressed material behind the front withp vs U, curve reflected about the plakg,=0 (because the
respect to the material ahead of the front. The directiod pf impactor wave counterpropagates relative to the baseplate
is to flow towards the front. In fluidsp is the increase in wave) and also translated fromp=0, U,=0 to p=0, U,
fluid pressure behind the shock front with respect to the pres=U; (because prior to impact, the impactor is in the initial
sure ahead of the shock front. statep=0, U,=Uy). The reader can convince his/herself
We used the example of a shock wave in a fluid becausthat the two boundary conditions above are satisfied at the
of familiarity that much of the readership probably has withintersection of the baseplate and impactor curves and there-
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60 . tively. The sign convention here is thaandU , are positive
8 o \ i quantities for cpmpressiye waves, regardless pf di(ectign of
<] ' T Tpacior wave propaggtlon. As Wllth _Ec(A6), the negative sign in
@ 40 \ — $5 304 baseplate| [ front of U,g, in Eqg. (A8) indicates that the reflected wave
H 30— A | propagates in the opposite direction to the transmitted wave.
§ AN Once again it is useful to constructpavs U, plot. Both
@ 20 N - the incident wave from the baseplate and the transmitted
3 10 S B wave into the sample start pt=0, U,=0. The loading(or
N unloading) curve for the reflected wave in the baseplate con-
0 T T — T T tacts the incident wavp versusU , plot loading curve at the
0.0 05 10 15 20 25 incident wave stresp=pg;. It faces in the opposite direc-
Net particle velocity (km/s) tion to the other two curvefi.e., it counterpropagatgsBe-
cause this reflected wave loading cuft¢starts from a non-
60 —f L A ' ' RTP initial state(2) may be a rarefaction wav@inloading
F o N/ i rather than a shock wave, it must be either computed or
[} G 55 304 incident ded_uceq by approximate m_ethods. A very common approxi-
@ 40 AN - ::p;%r;eﬂected = mation is to use the reflection of the incident wave loading
£ 30— i R | curve about the plan®,=Ug;. It is found that this ap-
§ //' AR proximation is reasonable for junctions of relatively incom-
G 20 /o AN - pressible materials which are loaded to not too extreme
z 10 v \\ B stresses: conditions which apply to the experiments of this
S work. The transmitted wave statpd, U,c) is given by the
0% T T T ™ T intersection of the transmitted wave loading curve and the
0.0 05 1.0 15 20 25 reflected wave loading curve. This is also illustrated in Fig.
Net particle velocity (km/s) 10.

FIG. 10. The data of shot 638};=1.754 km/s. Top: The vs

PHYSICAL REVIEW B6, 014108 (2002

The equivalent algebraic result for the impactor-baseplate

U, plot for the tantalum impactor on the 304 stainless-steel baseP"OCESS is given by the following quadratic equationtig
plate. The crossing point of the two curves gives the shock stres Which all the other quantities are known:

generated in the baseplate. Bottom: Thes U, plot for the result-

ing shock wave incident from the SS 304 baseplate, transmitted into

poalCatsa(Us—=Upg) [(Us—Upp)

the sapphire sample. The crossing point of the SS 304 reflected and

sapphire curvescircled in figure gives the computed shock stress

=pos(CetSgUpp)Ups- (A9)

in the sapphire sample. The tantalum Hugoniot is from Ref. 18. The

SS 304 and sapphire Hugoniots are from Ref. 17.

When Eg.(A9) is put into standard quadratic form and
solved, the solution with the negative sign in front of the

fore p andU,, of the loaded baseplate is simply given by this square root is the physical solution ftf,s. The shock

intersection on the versusU, plot. This is illustrated in
Fig. 10.

stress generated in the baseplate is then just a straightforward
application of Eq.(A3) with the Hugoniot for the baseplate

We have just outlined how to determine the shock stressubstitutingUg:

generated in the baseplate due to the impactor. How does this
shockwave from the baseplate transmit into the sapphire
sample? This latter case is more like familiar optics phenom-
ena; there are now three waves to consi@i¢ra shock-wave
incident on a stationary baseplate sample junctioi; a (incorporating the reflected wave approximajioasults in
shock wave transmitted into the samgié;) a wave reflected ;g quadratic equation fdd ,c:

by the junction back into the baseplate. This reflected wave P
can be either a shock or rarefaction wave depending on
whether the shock impedang@ee., the producpyUs) of the
sample is greater than, or less than that of the baseplate,

Pe=pos(CatSgUpe)Ups- (A10)

The algebraic description of the baseplate sample problem

posl Ce+Sg(2Upgi—Upc) 1(2U pgi— U )

=poc(CctscUpc)Upc- (A11)

respectively.

As with the direct impact case, the appropriate boundanginceU ,g; is known (it is U5 from the impactor-baseplate
conditions are continuity of the net shock stress and net pakolution Eq. (A11) is readily solved forU,c. Again, the

ticle velocity across the junction. This can be written as

Pgit Per=Pc; (A7)

“negative sign” solution is the physical solution apd (i.e.,
the sample shock stress computed in same fashion as Eq.
(A10).

(A8) In summary, what is required to compute shock stress in

the sample is to know the impactor velocity, and the RTP
B andC are the baseplate and sample materials, respectivelynass density and Hugoniot for each of the impactor, base-
i and r indicate the incident and reflected waves, respecplate, and targepg will give the baseplate shock stre$s-

UpBi_ UpBr:UpC-
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cident stress” column of Table) land pc will give the re-  unit radiator surface area per unit wavelength. The fitted
ported shock stress in the sapphire sanifieminal stress” quantity we define as “apparent emissivity” is actually the

column of Table ). ratio of the spectral irradiance at our spectrograph’s optical
fiber entrancdtotal power per unit area incident on the fiber
APPENDIX B: SAPPHIRE UNIT-CELL CONVENTIONS core entrance surface per unit wavelength, which includes

S ) both propagating and nonpropagating modes of the)fitoer

In this paper we follow the Bravis-Miller indexing con- the spectral radiant emittance of a blackbody at the fitted
vention of the x-ray(also known as “structuralf’ hexagonal (i.e., “apparent) temperature and same wavelength. Be-
cell. For the other commofi.e., morphological hexagonal cause spectral irradiance has the same units as spectral radi-
cell) convention, ther-plane indexing is{1011}. c- and  ant emittance, our apparent emissivity has the same units as
a-plane indices are the same in both conventions. The readétie genuine spectral emissivitdimensionless In the con-
is cautioned that workers in the field of sapphire do not altext of fitting spectra, the gray-body approximation is that
ways make it obvious which convention they are using. Theour apparent emissivity is taken to be a constant, indepen-
reader is further cautioned that there is another family odent of wavelength.
sapphire crystal planes denoted by upper-caB&: ‘that
these planes are not equivalent to the lower-caseplanes  AppeNDIX D: SAPPHIRE BASAL PLANE DEFORMATION
of interest in this publication. It is a very unfortunate coin-
cidence that the indices of tieplanes in the morphological For the purpose of estimating shock stresses required to
cell (i.e.,{1102}) are identical to the indices of threplanes ~ Cause twinning and slip o000 we compute the magni-

in the x-ray cell. References 36, 37, and 20 may be of help té!de of the shear stress resolved{0001 without attention
the reader. to the direction of resolution in this plane. The symmetry of

sapphire confers a certain amount of directional indepen-
dence to deformation of0001. For example, the threefold
symmetry axis normal t§000% insures that there is always

Spectral emissivity is the ratio of the spectral radiantat least one deformation system in the basal plane on which
emittance of a real thermal body to that of an ideal blackthe magnitude of the directionally resolved shear stress is
body at the same temperature and wavelength. Recall thatore than half of the magnitude of the total shear stress on
spectral radiant emittance has units of power radiated pehe basal plane.
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Hayes and R. F. ProbstejAcademic Press, New York, 1966. Shock Waves in Condensed Matter—188ted by J. R. Asay,
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that the slightly higher stress 8.0—8.5 is more accurate.
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