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AND ELASTIC PROPERTIES IN POLYCRYSTALLINE MATERIALS
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R.C. Bradt, Professor of Materials Science®
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B. Olbert, Research Assistaat
K.G. Zimmerman, Senior Research Tachnologist

Statement of the Problam

The elastic properti=s of polycrystalline matarials are of fundamental
significanc2 to matarials science, as well as other physical scieaces,
lncluding geology aand the enginesering disciplines. The elastic behavior of a
dense polycrystaliine body depends on the composition, porosity, grain size
and taxture or oriencation, as well as the nature of the densification
procedure. The latter is responsible, to a large extent, for the residual
internal strasses which characterize many hot-prassed polycrystalline
matarials, Of course, thermal expansion anisotropy in non-cubic systams is
also of consequence. The significance of the foregoing polycrystalline
charactaristics ar2 widely recognized in a qualitiative sense; However, a
rigorous, quantitative undarstanding of the physical effacts of such f2atures
has not been achisvaed. This is espacially true in the case of residual
str2sses.

Residual stresses in materials can play many rolas--they may be
benaficial, detrimental, or of an indeterminate character. Although much of

the activity concarned with quantitative rasidual stress evaluation has been

*Now at Department of Matarials Scis2ac2 aad Engineering, Univarsity of
Washington, Seattls, WA 98195
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focused on metallic matarials, a coansiderable amount of racent 2ffort has hea2n
diracted toward ceramics, @specially glasses. Both ceramics and glasses with
superior strength have been =2ngineerad by considaring residual stress
development. In particular, residual compressive stresses can be highly
benaficial in inhibiting failure, as has been amply demonstrated on a
commarcial basis for thermally and chemically tempered zlass artifacts.
Rzsidual stresses are not only ilmportant with regard to mechanical design
congiderations, they are also important with regard co optical, electric, and
magnatic properties, Magnetostriction and piezoelectric effects arz examples
of the coupling of str2sses to the latter two groups of properties. The use
of stra2ss birafringance for strsss measuremeant and the coupling of strass and
light 1n acousto-optic devices are axamples of the former. In a manner
analogous to the failure criterion equation, the application of stress from an
axtarnal source will add to those internal residual strassas that are present,
so it is of conszquence to be able to assess the state of residual strass for
practically svery critical property application, whether it be mechanical,
maganatic, or optical.

Considering the importance of rasidual strasses in ceramic and metallic
mat2rial mechanical and physical properties, as well as in matarials
engineering, it is necassary to develop techniques to measurs and evaluata
internal and near-surface strass levels, pr2ferably in a non-destructive
manner. In this regard, a number of methods have besn proposed and usad. The
most common ta2chnique wh.ch has been used to evaluat2 "micro''-strasses
(short-rangs <trass conc2ntrations) is X-ray diffraction., Longasr range (or
"macro') strasses also can be assessad by X-ray diffraction by comparing

d-spaciags to thoss of the ralaxed stata. Untortunatzly, because of the

limitad paneatration of the radiation, X-ray diffraction tands to be most
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useful to asssss near-surface str2sses ouly. Several optical methods also
have been devised for measuring residual stressas, including laser-light
scattering, laser spackling, and photomlasticity. The latter involvas the
dependence of the index of rafractisn on stress. It is very s2nsitive and
provides an effsactive way of measuring very small residual stresses, Howavar,
a sevaraly limiting aspect of the method is the need for transpareat
specimens. Another class of methods for rasidual strass evaluation utilizes
matarial =lastic properties as definsd by ultrasonic waves. These techniques
ara more =2ffective for assessing internal macrostr2sses. The very high
precision of ultrasonic interferometry suggests the potential for resolving
vary small levels of str2ss. However, unfortunactsly, the high sensicivity of
the acoustic methods is offset by the scrong dependence of elastic propertiss
{and wava v2locitias) on microstructural characteristics; in particular,
porosity, por2 and grain shape, por2 and grain orientation, and even moisture
content. In order to evaluat2 residual str2sses in polycrystalline ceramic
matarials using ultrasonic methods, the effects due to these microstructura
charactaristics must first be assessed and removad. In addition to X-ray
diffraction, optical, and acoustic methods, attampts to measure r2sidual
strassas also have been made using neutron diffraction, impurity ban
broadening. and magnatic methods. Howaver, success with these methods has
besn very limitad as yat.

The g2neral purposa oi this proj2ct has besn to assess and avaluace the
potantial value of acoustic mathods in the charactarization of residual
strasses 1n polycrystalline materiais. In particular, attantion was focusad
on the eff=2cts of rasidual strassas on =2lastic properties as defined by the

measurament of ultrasonic wave velositias by precisa ultrasoaic

intearfarometry. An 2£{fort was made o discriminat2 between the rasidual




AR AR A e A N S e A A I T T e TR I N e rmimae e e e e o

-

»

RSN A g AP
P

stress-related effects and those resulting from microstructursa

charactaristics. The present study =fforts were limited to hot-pressad
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polycrystalline magnesium aluminate spinel (MgAl204). Excellent specimens of

both single-crystal and polycrystalline gpinel are readily available from

| [\

commarcial sources. Moraover, spinel is transparent, easy to prepare for the
necessary measuramants, and has c-plications as a window and engineering

matarial.

Summary of the Most Important Resulrs

Approach and Procedures

v a In order to evaluate levels of internal residual stress in a
polycrystalline aggregate, it 18 necessary to establish a reference model in

N tarms of an ide2al material. The latter would be charactarized by perfact

.i homoganeity and isotropy (relative to th2 charactaristic langth of the

X experiment), 2zaro rasidual stress, and zero porosity. The elastic moduli for

S th: id2al model material must be evaluatad, as well as their dependence on

stress (pressur3) and tamperature. In the pra2sent study, we chose to meet the

N foragoing raquirament by making the appropriate measurzments on high-qualicy

singla=crystal MgAl,O4 spin2l, and then using our single-crystal elastic

constant rasults in a suitabls theoretical aQeraging scheme to define the

ideal polycrystal properties. This approach avoids the microstructure

problams inher2ut in r2al polycrystalline specimens.

. For the foregoing rsason, on2 of the primary aspects of the project has

T involvad the accurates and precise measur2ment of the elastic constants

.i (stiffnesses Cij and compliancas Sij) of single-crystal MgAi,04 at high

N , : : .
N tamperature and pressure. These data provid2 the basis for the evaluation of
- the prassure derivatives of the individual =2lastic constaats, as well as their
“

N

~\ tamparaturs dependence [2.3. (acij/aT)P, (5cij/3P)T’ (azcij/aPar)]. In turn,
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the foregoing parametars provide the neacessary input information for
determining the elastic behavior of the idsal polycrystalline aggregate. In
addition, they may be used in a suitable equation of stats in order to specify
accurataly volume or density within a particular P, T regime.

The single~crystal specimens used in the present study were obtained from
a larga boule of Czochraiski-grown stoichiometric MgAl;04 (<100> growth axis)
which was acquirad from the Crysctal Products Division of the Union Carbide
Corporation. Each spacimen was preparad in the configuration of a rectangular
parallelepiped with faces ori=nted perpendicular (ty means of Laue
back-reflection X-ray diffraction) to the [100] and [110] crystallographic
directions. The ultrasonic wave velocities wer2 measurad as functions of
pressure and tamperatur2 using the pracise Puls2 Superposition (PS) method!s?2
of acoustic interfarometry. A variation of Cook's metnod3'% was used to
evaluats tha alastic m24ali paramet-rs from tha basic acoustic data. Tha
prassur2 and tamparatur? measurements wer2 carriad out within an internally
heatad Argon gas pressur=2 vesseld1®, Data were obtained up to | GPa (10 kbar)
with prassure defined by a calibrated mang2nin coil and digiral moaitoring
systam, Temperature measuram2nts wera carried out ovar the range 15 to 60°C
using chromel-alumel thermocouplas.

The siangle-crystal elastic moduli Cij(P,T) wera used to calculate the
ideal polycrystal slastic properti=s using the VRH’=9 and Hashin-Shtrikmanl0-13
avaraging tachniques. The lattar havas be=2n demonstratadl4 to yield the
tightast possible bounds on the polycryscalline bulk modulus, gziven only the
moduli and voiume fractions of the coastituent phases. Alchough a rigorous
proof has not besn given for the shear (rigidity) modulus!3d, we assume that a

similar situation hoids. 1In ordar to improve upon the Hashin-Shirikman bounds,

mor2 information 1s requirad coancaraing the graim shapa and size distribuCion.
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For cubic matarials, the uppar and lower bounds on the bulk modulus ar2

o equivalant; morsover, the shear modulus bounds di€fer by lass than 4N,

.
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Therafore, we regard the Hashin-Shtrikman bound averages as an accurate

»
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e

raprasentation of the polycryscalline modull.

The polycrystalline spacimens used in the proj2ct wer?: hot-pressed
magn2sium alumindat2 spin2l obrained from the Coor's Porc2lain Company. For
propriz2tary r2asons, no information was provided conceruing the specific
procadure and coaditions of fabrication of the matsrial. The specimans were

s cut and prepared from a single large disk-shaped blank l1.5 ¢m ian diametar and

-,

L 2.5 cm in thickness. A smaller transparent hot-pressed spacimen was provided
also by Coors. Some of the optical and microstructure studi2s were carried
out on this specimen. In order to provide sufficiant material for the largs
varisty of physical proparty measurements ragquirad by this project, and to
chack for lataral variations, a number of spacimens were praparad from the
largs blane.

T Becaus2 of the necessity for assessing the effacts on the polycrystalline

. 2lastic moduli due to microstructural pronaertias, the hot-pressed blank

n specim2ns were characterized car2fully using a variaty of techniques, In

particular, composition, pore volume (porosity) and shape distributicn, grain
- size distribution and orientation, and gradients in these variables, were
considerad ralavant aspects of the problam. In this regard, the following

o charactarization procaduras wer2 carrizd out:

1) X-ray measurements were performed using an automatad Rigaku

diffractometer. Thes2 analyses were carri2d out to establish the natur=

of the phases prasent, 2avaluatz the lactice= parametars, and assess the

axtant and direction of prafarrad grain orizntation.

2) A sampl2 from the hot-prassed blank was submittad to tha Mineral
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sonstitution Laboratory of The Panusylvania Stat2 Univarsity for a
quantitative chemical analysis.

3) Optical microscopy was used to evaluate grain size and structure on
both hot-pressed blank and transparent polycrystal specimens., Several
raflectad light micrographs were taken to observe the characteristics of
the centar portion and 2dg2 regions of the formar,

4) Scanning Elactron Microscopy (SEM) also was parformed on the
specimens prapared for the optical obsarvations in ordar to assass
gmallar scale microstructure,

5) Measuraments of density are raquired in order to calculate the
2lastic moduli, as well as to avaluata porosity. The usual Archimedes'
m2thod using distilled watar was employad for most of th: dansity
measur=2m2nls.

6) Marcury intrusion porosimetry also was used to evaluats porosity
and the por2 size distribution., Scans were carried out from ambiant
pressure to Q.4 GPa on a saries of large fragments and coarse powder
sp2cimens from the hot-pressad blank.

Following complate charactsrization of the microstructure of the
hot-pre2ssad blank specimens using the foregoing tachniques, their affacts on
the alastic moduli were avaluat=d using several theor=tical approaches. Of
primary concern ara the effacts associatad with porosity and preferred
orizntation of min2ral zrains and;/or por2 structur2, In ocrder to iaterprat
the ultrasonlc wava valocitias, we employad nonlin2ar 2lasticity theory for
transvarsa isotropyls'lé. Mod21ls were tested which ascribad the observed
axparimental rasults to uniaxial residual strass,l6:17 prafarve¢ oriz2ntation

of mineral gzrains,!8:19 pore volume and geomstry,20,22 prafarred ori2ntation

of pora structurs,?3 and compositional inhomogsneity. The pracading
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microstructural data on the polycrystalline spinal matarial provided
quantitative constraints in the evaluation of the various modals.

The ultrasonic wava velocities (alastic propertizgs) of the MgAlj;Qq
polycrystalline specimens also were measurad by PS acoustic interferomatry.
The pressures and tamparature range and experimental method was similar to that
of tha singla-crystal gpecimens, as described praviously. As indicatad in a
praceding section, the primary purposa of this invastigation was Lo d4ss2ss tha
valu2 of acoustic methods in the d2taction and evaluation of rasidual strasses
in polycrystallina aggregates. Howevar, because of the Cransparznt and
isotropic nature of the spinel samples, they wers also suitable for a
determination of rasidual strasses using the photoelastic 2ffact?®. Polarized
light pnase shilts due to stress-induced indax of rafraction variations were
m2asurad using the sansitive Relativa Ratardation tachnigque. These data
providad an ind2pend2nt 2valuation of the polycrystalline spinal residual
stress lavels for comparison with the ultrasonic results. Beacause both
methods reflact large volume macrostresses, tais constitutes a vary

significant means of comparisun,

Stngla-Crystal Rasuits

The 2lastic properti2s of stoichiometric singla-crystal spinel measurad
in this projact constitute the subject mattar of the M.S. thesis of Eric G.
Hilbart. A copy alr2ady has bean forwardad to th2 ARO. In addition, soma
further rasults on the higher-order alastic constants will be raportad in the
forthcoming Ph.D. thesis of Mr. Hilbert. The single-crystal rasults also ars
j2ct of a forthcoming paper, which will be submitted for publication in
th2 n22r fucura, A summary of the maior rasults of the singla-crvstal spinzl

work follows.
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. ‘The results for the adiabatic second=-ordar elastic s:ziffness constants
I are Cj] = 282.11 * 0.15, Cyp = 155.97 * 0.15, and C4¢ = 154.40 % 0.04 GPa.

The bulk modulus was detarmined to be 198.02 % 0..5 GPa. These results

g2nerally agra2e wvith those of pr2vious studi2s. However, they rapreseat a
considerable improvement in accuracy over the values réported in the standard
rafaranca on =2lastic constants by Simmons and Wangzs, which ar2 due to Lewis?Zb,
Measuraments were also conductad at elevated hydrostatic prassurss up to
approximataly 1.0 GPa. Ultrasonilc traval Cimes wer2 bast described by linzar
funccions of pressure. The icothermal prassura derivatives of the second-ordar

adiabatic stiffness coefficients wera found to be 4.474 % N.029, 4.166% 0.029,

i and 0.3435 % 0.0023 for the 11, 12, and 44 components, raspectively. The
isotharmal prassur2 derivative of the bulk modulus was determined to be 4.269 *
0.029. These rasults disagree with those of 0'Connall and Graham?7, whose

. g2nerally lower values ar2 probably due to complications typical of ultrasoanic

L; buffar rod tachniques. The results disagree even mor2 strikingly with those of

Chang and Barsch?; in addition to reporting systamatically higher prassure

derivatives, they measurad anomalously large second pressure derivatives, e.g.,
-4.8 GPa~l for the bulk modulus. Such values wers resolvable in this study,
but ware not observed. As datermined by this study, the sacond pressura
darivatives, if non-z2ro, werz smaller in magnitude than -1.0 GPa~l; this
conclustion 1s qualitatively consistant with cantral-force lattice dynamical
models. It implias that shear soft=aning is not a dominant process in the
high-pragsurs alastic behavior of spinal.

As a function of temperature, the ultrasonic traval times were linear.

The tisobaric tamparatura derivatives of the sacond-order adiabatic stiffness
¢oefficiants were measurad to be -0.02549 * 0.00030, -0.00944 * 0.00030, and

-0.0101! * 0.00009 GPa,/K for che (i, 12, and 44 compon=nfs, r2speaclivaly. The
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isoba:i -c temperature derivative of the bulk modulus was deatermined to be
-0.01479 £ 0.00030 GPa/K. These rasults are in partial agreement with the
results of Chang and Barsch3; they are in complete agreement with the results
0f Liu et al.28, who used a somewhat less precise Raman-Nath scattering
technique, The results of 0'Connell and Graham?7 are systematically higher in
magnitude.

Measurement of .the pressure dependence of the temperature derivatives were

not as conclusive as desirad, the mixa2d second derivatives of the second-order i

adiabatic stiffness coefficients only being constrained as follows: =2.9 to

+6.5, =-12.1 to +6.8, and ~-8.9 to +0.53 x 1076 k~! for the !1, 12, and 44 %
components, raspectively. The bulk modulus was constrained to the range =5.9
to +6.7 x 10°® K~l. These values ars smaller than the mixed second derivatives
reported for other earth-forming matarials by two orders of magnitude®.
Voigt, Reuss, and Hill (VRH)} averages were computed for the tulk and shear
moduli of polycrystalline spinel. The Hill average shear modulus was
107.82 % 0.12 GPa. The Hashin-Shtrikman bounds were also evaluated. These
values for the shear modulus wer2 109.95 * 0.17 and 106.34 * 0.27 GPa for the
upper and lower bound, respectively. The bulk modulus was 198.02 * 0.l5 GPa;

due to cubic symmetry, the same value applies for all averaging mathods and

both bounds.,

Polyeryscalline Elastic Results

The elastic property results for the polycrystalline spinel specimens, as
well as the assessment of the residual sfress properties of these materials,

ara the subject matter of the Ph.D. thesis of Blain Olbert, which is presently

m

1u the (ilnal steges of ravisica. A paper for publicatign 1is also planned.

-

Ultrasonic wave velocitles were measursd on five diffarenz specimens

(rectangular parallzlepipeds approximatzly 1/2 cm on 2dge) taken from the
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caater region of the polycrystalline spinzl blank provided by Coor's Porcelain.

Measurements also were made on a large rectangular slab cut from the blank i
across a diameter section. The Eive'smaller specimens were cut with two of the
faces parallal to the hot-pressed surface of the blank, and the ramaining two
pair of faces normal to the blank's hot-pressed surface, Five different wave
valocities were measured in the cubes; two longitudinal and threz shear modes.
The longitudinal velocities, v} and vj, were 2valuatad for propagaction
directions paralla2l (v)) and perpendicular (vj) to the hot-prassing diraction;
the shear velocities (v3, v4, and vs) were determined for propagation parallal
to the hot-pressing direction (vj, arbitrary polarization direction) and
parpendicular to the hot-pressing direction (v,, polarization parallel to the
hot-pr2ssing direction). Only those velocities corresponding to v3, V4, and vs
wer2 measured in tha slab spacimen. The small specim2n compressional wave
valocities (v| and vjy) differad from on2 another, as did the shear wave
velocities (v3, v4, and vs). However, the velocities v3, v4, and vg were
nezarly aquivalent for the two prop-gation diractioans normal to the hot-pressing
diraction of the blank. For this reason the spacimens were regarded for
coavaniznca as transvarsely isotropic.

The comprassional and shear wave velocities varied in a coantinuous and
systamatic mannar through the poiycrystalline blank. They were gensrally
gr2atar in ragzions near the hot-pr2ssed surfaces of the original blank, and
smallar toward the centar of the blank. The variation in acoustic velocities
with regpact to distance from thie top hot-pr2ssed surface of the blank (denotad
by the wvarrabla Z) was nearly parabolic in shap2: and symmetric about the
ceantar point of the blank. The average valociti=2s 1n the small specimens
variad between the limits: v} (at 2 = ) = 9.790 km/sec, vi (Z = 1.2 cm) =

9,.745 wm/sec; 72 (Z = 0) = 9.795 km/sec, 72 (Z = 1.2 cm) =2 9.770 km/sec;
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V3 (Z = 0) = 5.555 wm/sec, v3 (Z = 1.2 cm) = 5.545 km/sac; v4 (2 = 0) = 5.536
km/sec, v, (Z = 1.2 cm) = 5.530 km/sec; vs (Z = Q) = 5.555 km/sec,
; Vs (Z = 1.2 cm) = 5.547 km/sec. Similar velocities were m2asured in the slab.
The very small, but definitive discrepancies, attest to the high accuracy and

precision of the ultrasonic interfarometry technique.

In contrast to the velociti2s, the lattice param2tars (agy), datarminzad as

me

a function of Z, failad to change significantly. The value ay rang=d from only
0.8077! mm to C.80762 nm, with a mean value of 0.80765 * C.00008 um (the
uncercainty reprasents the 95% Confidence Interval about the mean). However,

S the bulk densities of the spacimens taken from the polycrystalline blank

changad with Z in a manner very similar to that of the velocitiss, The density
variation was approximately symmetric about the center of the billet, with

p(2 = 0) = 3.5744 g/cm3 and p(Z = 1.2 cm) = 3.5714 g. Therefore, it appears

RSl

that the systematic variation in the ultrasonic wave velocities correlates

with, and is related to, a systematically varying porosity in the

L
¢« & ¢« 8 !

'l polycrystalline blank. Further support for this interpratation is providad by
obsarvations by Scanning Elactron Microscopy. The pradominant porosity was
- isolated on grain boundariss, with the pores appearing to be wedge-shaped and

2xtanding over an entire grain length. The mean grain size was about 36

i microns, and the average pov? width range was approximately 0.9 - 1.6

< microas. Evaluation of the lavel of porosity from the differences between
- measurad bulk and theorafical densities indicated an average value of only
L

- about 1/4%. As a result, the average polycrystalline wave velocities (9.775
g and 5.345 km/sec for compr2ssional and shear waves, respactively) are very
o~ similar tn the HS avarage values (9.778 and 5.497 km/sec) from our
»

single-crystal data, as well as from other studiasd» 26y 23, The slight

L
s 0 s
S

-
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discrzpancies most likely arise as a rasult of the combination of poresity

and/or stoichiometry differencas.

Evaluation of Residual Strasses

In addition to the ultrasonic wava velocities, the piezo-optical
coefficients of single~-crystal and polycrystalline spinel were measured in
ordar to evaluata rasidual strasses using the photoelastic eftact. The
singla-crystal piezo=-optical coefficients wers found to ba qp| = (2.693 =
0.024) x 10713 m2/N, qp2 = -(3.3103 £ 0.026) x 10713 m2/N, and q44 = (5.908 *
0.112) x 10713 m2/y. Thé aggregate Voigt-Reuss-Hill values calculated from the
foregoing single-crystal piezo-optical coefficients are given by QIYRH =
2.795 x 10713 @2/ and g 3" = -3.2265 x 10713 m2/N, yielding, (3;;- 3;) " =
6.021 x 10713 a2/N. The mean piezo-optical coefficiant difference for
transparant, polycrystalline spinel was measured to be (J;] - J) = 6.080 2
0.089) x 10713 m?/x. Using the expzrimentally determined value of (3;; - J)2)»
residual stresses were evaluatad for the center region of the slab sample. The
rasidual stress distribution was symmetric about the centar of the billect. The
strassas (o) determined in the same ragion from which the acoustic wave
velocities wer2 measured indicated a changs from -22 MPa at the hot-preysed
surface of the polycrystalline blank to zero at the canter., Thus, the
photoelastic effect residual stress evaluation, which is accurate and not
d2pendent on microstructural variations, indicates maximum values of magnitude
< 25 MPa for the polycrystalline spinal sample.

Assuming that the veloci. - anisotropy (transverse igotropy) is the rasult

of an i1ntarnal rz2sidual stress of uniaxial charactar, one can estimat2 the

lavel of the stra2ss by
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} where p, is the ambiant density, and vj and v4 are shear wavae velocities for

Q propagation parallel (arbitrary polarizacion) and perpendicular {polarized

é parallel to the stress direction) to the stress diraction. Usiag the

'.\

A valocities measured on the specimens from the polycrysctalline blank, yields

- rasults of 710 and 600 MPa for the surface aand center regions of the blank.

i? Clearly, these results are over an order of magnitude higher than those

E{ provided by the photoelastic 2ffact., Moreover, they are most likely much

' higher than the losd prassures used in the hot-pressing procedur2. Thermal

:: effacts can not be a factor because spinel is cubic and therafora isotropic in
f: its thermal expansion properties. Thus, it appears that the velocity results
iﬁ do not directly reflect the internal residual stregses in the spinel

;; polycrystalline matarial. Rather, we conclude that the obsarved velocity

N anisotropy 1is primarily a textural effect. 1In the prasent case, in fact, a

Il theoratical model which incorporated a slight preferrad grain oriantation

ﬁ; together with a por2 structure of random spheroidal voids, was able to explain
ig} all the velocity data reasonably well.

I. Therafore, our ra2sults indicate that in the case of polycrystalline

-

? aggregatas of cubic yrains, ultrasonic interferomatry does not provide an

7 accurate assessment of internal residual stress. This is not necessarily

P: because ot insufficient precision. Rathér, the root of the problem lies in the
tif difficulty in discriminating the lower lavels of residual stress from the

EE dominant affects of texture on the acoustic waves, Only in cases whera the

lattar are demonstrably negligible, or may be accounted for by accurate
microstructure charact2arization together with theoratical mod2lling, can tha
r2aidual stress levels be avaluatad with confidence. For cubic grain

polycrystalline matarials, whara the residual stress levals are low and

conc2ntrated near the surface, X-ray and photoelastic methods yiald rores
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reliable results. However, in polycrystalline media with anisotrcpic grains,
or mor2 than one phase, differential thermo-slastic effacts could ganerate
higher levels of internal rasidual stresses which may be more amenable to

ultasonic velocity evaluation.

Publications and Technical Presentations

The results of this investigatioa are in the final stages of
interpretation and evaluation. Two papers for technical journals are planned
for preparation in the immediate future., The first will present the data,
interpretation, and ramifications of the single-crystal spinel phase of the
study. And the secoad will be based on the polycrystalline results and their
implications for r2sidual stress evaluation using acoustic methods. In

addition, we plan to pr2sent the results of this work in thres presantations at

national scientific meetings. The first is planned for the annual western
meeting of the AGU in December of this year. That talk will cover the
polycrystalline results in regard to mineral elastic property measurements on
hot-pressed aggregates. Two other presentations are planned for the
forthcoming ACS meeting (polycrystalline and residual stress rasults) and

national AGU meeting (single-crystal higher-order elastic properties),

Desrees Awarded

The work and re=sults of this projact also have provided the basis for

three graduatz degrezes. Eric G. Hilbert has raceived alrevady (Spring, 1984)

an M.S5. degrze for his thesis, Ultrasonic Measur2ments of the Elastic

Properties of Single-Crystal Magnesium Aluminate Spinel, EﬁAIZOA. Some of the

al spinel will also

&l

higher-order 2lastic constanl worwk oa the singla-crys
constitute part of Mr. Hilbert's Ph.D. thesis, which 1s schedulad for

completion by Spring, 1986. The polycrystalline results and residual stress
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assessment will comprise the Ph.D. thasis of Mr. Blain Olbert. The first drafc
of the manuscript has been completed, and Mr. Olbert plans to complate his

thesis by December, 1985.
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