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Abstract

Knowledge of single crystal and aggregate elastic moduli of materials at high temperature is important in the development of high-
temperature structural ceramics as well as for other areas of material sciences. Sound velocities, and hence elastic moduli, can be readily
measured on micro-crystals, polycrystalline aggregates and amorphous materials using Brillouin scattering. We have developed techniques
for determining the elastic moduli at high temperatures, using both electric resistive heating (to 1800 K) &askCleating (td > 2500 K).

The full set of elastic constants of transparent oxides at high temperatures can be measured on samples with dimensiat3t POwm

or even smaller. Compact resistance heaters of our design were used to study the temperature dependence of the elastic moduli of a variety o
crystalline oxides and glasses, and can be used to observe high-temperature phase transitions involving elastic softening. The combination of
Brillouin scattering with CQ@ laser heating allows measurements of the elastic moduli of oxides at even higher temperatures, approaching the
melting points of refractory materials. The acoustic velocities of single-crystal MgO were measured to a maximum temperature exceeding
2500+ 100 K. Both Brillouin and Raman measurements were performed on&3®r-heated samples of single-crystahl ,O; to temper-

atures exceeding 209100 K. Our results show that Brillouin scattering coupled with,d&er heating is a viable means of performing

sound velocity measurements at temperatures significantly higher than those readily made using resistance heating.

© 2005 Published by Elsevier Ltd.
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1. Introduction perature composites with superior properfit$n addition,
the temperature derivatives of elastic moduli allow dimen-
Knowledge of the high-temperature elastic properties is sional changes and stresses due to heating under physical
fundamental for understanding the mechanical behavior andconstraints, as well as acoustic excitations to be calcufated.
performance of structural ceramics under high temperature  Brillouin scattering provides a means of studying the high-
conditions. In particular, it is highly desirable to understand temperature elastic properties of oxides and other refractory
how properties such as elastic stiffness, fracture toughnessmaterials. It is an optical spectroscopy method that does not
and anisotropy in mechanical behavior of composite ma- require any mechanical contact with the sample, and can be
terials depend upon the single-crystal elastic properties of performed on very small samples with dimensions compara-
the individual constituents. Such information would be ex- ple to the size of a focused laser beam. From Brillouin exper-
tremely valuable in the design and development of high tem- iments one can easily obtain the entire single-crystal elastic
modulus tensoCij (or Cjj in the reduced Voigt notation) for
. materials of arbitrary symmetry, and from this the aggregate
* Corresponding author. Tel.: +1 217 333 6379; fax: +1 217 244 4996. . . ,
E-mail addresssinogeik@uiuc.edu (S.V. Sinogeikin). eIa_stlc modul_l (such as the bulk modulus, .Youn.g s modulus,
1 present address: Lawrence Berkeley National Laboratory, 1 Cyclotron P0ISSON’s ratio, etc.) can be calculated via suitable averag-
Rd, MS 62-203, Berkeley, CA 94720, USA. ing schemes. Brillouin spectroscopy can be used to study
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other properties at high-temperature such as the refractiveibility in furnace design. Third, for transparent oxide crystals
index23# photoelastic propertieshypersonic attenuatidh, the thermal emissivities are generally extremely low (orders
and the mechanisms of phase transitibfst? of magnitude lower than those of metaléwhich resultsin a
The considerable potential of the Brillouin scattering tech- low background from thermal emission and allows measure-
nique for characterizing material properties at high temper- ments to be performed at temperatures exceeding 26089 K.
atures has only begun to be exploited. Of the relatively few It can be seen from Eq) that Brillouin scattering
high-temperature Brillouin scattering experiments reported is geometry-sensitive. The scattering angle, and phonon
in the literature, most have used large samples with dimen-direction must be carefully controlled in any experiment.
sions that typically exceed several millimeters. Although this In general, one must know the orientation of the sample
does not present a problem for work with common materi- crystallographic axes, crystal faces, and optical indicatrix to
als, many novel materials of interest cannot be synthesized asletermine the acoustic velocity and corresponding phonon
large single crystals. Therefore, one emphasis in our labora-direction. For practical purposes it is more convenient to
tory program has been to employ methods that are suitable foruse a special symmetrical geoméfryn which a plate-like
experiments on microscopic-sized single crystals, and to ex-sample with two flat parallel faces is oriented symmetrically
tend Brillouin scattering studies to polycrystalline samples. with respect to the incident and scattered light directions
Measuring the elastic properties on such samples by more(Fig. 1). In this geometry the phonon directiog, is in the
conventional methods such as ultrasonic interferometry is of- plane of the sample. As seenkhig. 1, for the case of an op-
ten problematic or not possible, especially for single-crystal tically isotropic material, Snell’'s law allows the replacement
samples of low crystallographic symmetry. of nsin@/2) with ngsin@’/2) in Eq. (1), whered” is the
In this paper we review both resistance and laser-heatingpredefined external scattering angle, apds the refractive
methods developed in our laboratory that allow measure- index of air, which for practical purposesis setequalto 1. The
ments of the full elastic modulus tensor on small samples main advantage of this “platelet symmetric geometry” is that
(=z100pm) to extremely high temperatures, approaching the velocities are measured independent of the sample refractive
melting points of refractory materials. We further describe index, (which changes appreciably with temperature, pres-
the advantages and limitations of each heating method. sure, and across phase transitions) so long as two principal
axes of the optical indicatix are within the plane of the platelet
(a condition that is usually easy to satisfy). This geometry is
2. Brillouin scattering especially advantageous when the sample is mounted inside a
high-pressure diamond anvil cell, or a high-temperature cell.
Brillouin scattering arises from the inelastic scattering of ~ Another geometry commonly used in high-temperature
incident light (photons) from thermally generated acoustic experiments is back-scattering (BS) geométtylin this ge-
phonons in the sample. The Brillouin portion of the light ometry the incident laser light is focused and the scattered
scattered by the sample is shifted in frequency with respectlight is collected through the same lers=(" = 180), and
to the incident light by a factor that is proportional to the the sampling phonon direction is identical to the direction of

velocity of the acoustic waves: the incident/scattered lightinside the sample. Because BS ge-
v Aw c _ Awh W ometry requires optical access in only one direction, it places
w 2n sin@/2))  2n sin@/2)

whereV is the velocity of an acoustic wavAw is frequency
shift of scattered lightp is the frequency anal is the wave-
length of the incident light; is the speed of light in vacuum,
n is the index of refraction of the sample, afiés the scat-
tering angle, or the angle between the incident laser ray and Incident
scattered ray inside the sample. beam

Among the advantages of this technique are that it requires
only very small samples, and that acoustic velocities can be
measured along numerous crystallographic directions in a
single sample, which makes it highly suitable for measure-
ments on low-symmetry crystals. Brillouin spectroscopy also
has several noteworthy characteristics for high-temperature
measurements. First, the intensity of the Brillouin peaks
increases with sample temperattifeSecond, no physical
contact with the sample is needed, thus reducing sample Ccm_Fig._l. Platelet_, or symmetric, scattering geqmetry. Solid lines indicate di-
tamination problems and allowing measurements on reactiverectlons of the incident and sc_attgre_d beams in the sample (rectangte).

. ¢ are the angles between the incidejpafd scatteredsf beams and sample

samples in a controlled atmosphere. Moreover, the fact thattace normalsq s the phonon directiors. is the actual scattering angle, and
one only needs optical access to the sample allows great flex+" is the external scattering angle.

Sample face

Scattered
beam
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minimal restrictions on the design of high-temperature cells. Eonlbmptar Polarization
In general, heaters designed to be used with Brillouin scat- gg Rotator ' FPC
tering in a BS geometry can achieve higher temperatures Ar laser L Bef

with better thermal stability (lower temperature gradients).
The major disadvantages of BS geometry is that normally
only longitudinal acoustic modes are observed, and that the T—T¢
measured Brillouin shift is proportional to the product of the
acoustic velocity and the refractive indeXd =2nV/x). Al-
though obtaining single crystal elastic moduli is somewhat PR
problematic with BS geometry, it has proved useful in stud-
ies of phase transitior’$. Also, the combination of platelet
and back-scattering geometry can provide information on the
refractive index of the sampfel’

The velocities of acoustic phonons are related to the
adiabatic elastic moduli and density of a material through
Christoffel's equatiort®

[
L PMT/SSD

Bl

6-pass tandem
Fabry-Perot
Interferometer

[[r——

SF1

|Cijugjqi — pV?8ix] = O )

whereV is phonon velocityg; andg are unit vectors in the _ o . o
Fig. 2. Schematic diagram of the Brillouin spectrometer with six-pass Fabry-

phonon pr_opagatlon dlreC_tIOﬁ'ijk' IS Fhe elast_l_C|ty tensor for Perot interferometer. Abbreviations: BS, beam splitter; FL, focusing lens;
the material is the density, andi is the Kionecker delta ¢ collecting lens; L, lens; M, mirror; SF, spatial filter; R, retroreflector;

function. Using Eq(2), the measured acoustic velocities in PR, prism; PMT/SSD, photomultiplier tube or solid-state detector; FPC,
known crystallographic directions can be inverted to obtain Fabry-Perot interferometer control unit.
the single crystal elastic moduli using, for example, a lin-
earized general least-squares inversion procetfure.

The minimum number of crystallographic directions in

perature cells, and increases the sharpness of Brillouin peaks.
The scattered light is directed to either a Raman spectrom-

which the velocities need to be measured to obtain the com-&t€l: Or 0 a piezoelectrically scanned plane-parallel tandem
plete elasticity tensor depends on the crystal class. I_OwerFabry-Perotmterferomettl,\i*,used in six-pass configuration.

symmetry materials have more independent single-crystal 1 N€ tandem interferometer suppresses neighboring orders of
elastic modul?® For example, cubic materials (e.g., MgO, scat'Fere_d light. A combination of_a dispersing prism and a

YAG) are characterized by three independent elastic mod- _spat|al f||tera_fterthe Fapry—Perotmterferometerserves as an
uli and require measurements of longitudinal and transverseinterference filter, removing any fluorescence and most of the
acoustic velocities in two distinct crystallographic directions, thermal radiation generated by the sample so that it does not

whereas orthorhombic crystals with nine single-crystal elas- SOW &s & high background in Brillouin spectra.
tic moduli generally require velocity measurements in six

directions. 4. Resistance heating

4.1. High-temperature cells
3. Brillouin system

4.1.1. Symmetric (Brillouin) high-temperature cell

Descriptions of the instrumentation used in our Brillouin We have designed a high-temperature cell for use

measurements are given in Refl. A schematic diagram  with symmetric scattering geometry Brillouin experiments
of the Brillouin system currently in use is shown Firg. 2 (Figs. 3 and %to temperatures in excess of 1506KThe
Briefly, light from an Ar-ion laser X=514.5nm) passes cell is compact (about 5cm in maximum dimension), and
through a polarization rotator and Glan-Thompson polarizer easily fits onto a standard three- or four-circle goniometer,
in series, which allows control of both the polarization and allowing a number of additional applications such as X-ray
intensity of the incident light. Samples are typically mounted scattering. Because the cell mounts on a goniometer, one ob-
on an Eulerian Cradle so that their orientation can be var- tains very good control of the scattering geometry, and any
ied and phonon directions probed over a wide angular range.phonon direction within a plane of the platelet can be eas-
The incidence angle is typically 40r 45 (80°—90 platelet ily sampled by changing thg-angle of the goniometer. Fi-
symmetric scattering geometry). The light is focused on the nally, the cell is easily used with very small samples (e.g.,
sample with a lens with focal distance of 25-50 mm, and 100x 100x 20um or smaller@3-2°
the scattered light is collected by a smatiumber (3.4) The main body of the original cell can be constructed from
lens. A vertical aperture mask in front of the collection lens a machinable alumina silicate ceraffior metal (Inconel)
minimizes astigmatism caused by the windows in high tem- depending on temperature requirements. A metal cell pro-
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Laser\\ Sample : sible ratio of heater length-to-inner diameter of the heater to
beam in in holder ~ Heater Insulation . X
_ \ L/ minimize temperature gradients. It was found that the double-
‘ ‘ \ / / coil design of the heater (the heating wire wound inside and
— s - outside of the heater core) produces more stable temperatures
HWIE——_ . I =< § — and smaller temperat'ure gradients iq the sample chamber.
p——— d =TC The temperature is measured directly by two or more
: < thermocouples (K or R type) through a computer data ac-
/ N Cer’amic e quisition board. The thermocouples are attached with high-
boauered X High-temperature Optional outer temperature cementto a window or embedded into a platinum

sample holderKig. 4).2326 The thermal mass of a relatively
Fig. 3. Schematic diagram of Brillouin scattering in the high-temperature large Pt sample holder helps to damp out any temperature
symmetric Brillouin cell. TC: thermocouples, HW: heating wires. fluctuations in the cell. At the highest temperatures, the tem-

) ) N ) ] perature fluctuations usually do not exceédofer several
vides better mechanical stability and is easier to handle, butpqgyrs of operation.

the high thermal conductivity of the metal body limits the Samples can be cemented directly onto the wingfw,

maximum temperature to about 13001400 Kifa Pt-Rh heat- 5y empedded into a thin platinum féfithat is cemented to the

ing element is used. With a ceramic symmetric cell up t0 cg|| window, with thermocouples placed around the sample

this point we were able to achieve temperatures exceedlng(e_g_,pig_ 5in Ref.22). In later experiments we used 2

1600 K. ) _ thick platinum foil as a sample holder to provide thermal
For windows we used a variety of refractory transparent 555 The sample is either cemented into the holder, or to

materials. Fused silica windows are adequate to 1500 K, butayid reaction with a cement it can be placed in a recess and

can lose optical quality or soften at higher temperatures. Sil- g1 with a platinum caprig. 4).

ica can also react with other cell materials, such as high-

temperature cements, athigh temperature. As alternative win-4 1 2. Axial (synchrotron) high-temperature cell

dow materials we have used single-crystal sapphire and cubic  \we have designed an alternative ceramic heating cell with

zirconia, both of which have higher temperature stability and |imited optical accessFig. 5) for backscattering Brillouin
lower chemical reactivity. The disadvantage of these win-

dows is that their higher refractive indices introduce more
astigmatism that diminishes the quality of the Brillouin peaks
and increases collection times. As a heating element we typi-
cally use Platinum or PlatinuppRhodiungg wire, wound on

both sides of a threaded ceramic core. We use the largest pos-

Thermocouple High-temperature
window

(A)

(B) Ptsample  Sample
holder\ in Pt foil

Cement

High-temperature
window

Fig. 5. High-temperature axial ceramic furnace for back-scattering Bril-
louin, Raman, and synchrotron X-ray measurements. (1) Thermocouple con-
nector; (2) ceramic thermocouple/sample holder; (3) sample holder with
Fig. 4. Top-view (A) and cross-section (B) of sample mounting on awindow. sample and thermocouple; (4) heating elements; (5) silica glass/MgO win-
This setup shows a small sample embedded into platinum foil and polished dow; (6) insulating ceramic fiber tape; (7) ceramic furnace body; (8) pins;
plane-parallel together with the foil. If a sample is large enough (30D (9) ceramic base; (10) through holes in ceramic base to minimize its thermal
it can be inserted into platinum holder without using the foil. conductivity; and (11) metal base for mounting the furnace.

1mm
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measurements or for synchrotron X-ray measurements of 1l ]
thermal expansiof’ This cell also fits easily onto a stan- .
dard X-ray goniometer and is compatible with our Brillouin

system. The advantages of this cell over the cell for symmet-
ric scattering experiments are higher thermal stability, lower

thermal gradients (due to the aspect ratio of the furnace and ‘E 8 © \?,o A

better thermal insulation), and higher temperatures (up to ~ [100] [110]

1800 K with PtgRhgo heating elements). *63" r ' i
The limited optical access provided by this cell allows it Y S N O A

to be used only in back-scattering or near-forward scattering > ;5' I3 ‘»

geometries. While such measurements do not provide acous- S e A L :

tic velocities and elastic moduli directly without the knowl- o’ 5 ot ]

edge of the refractive index, they can be extremely useful in
studying phase transitioft8.In addition to X-ray diffraction
and Brillouin experiments, this cell has been used for other

hlgh-temperature appllcatlons such as measurements of thjeiig.?. Acoustic velocities in MgO as a function of crystallographic direction

refractive index and Raman Scatter%' (x-angle) at room temperature (solid symbols) and 1510 K (open symbols).
Lines show acoustic velocities calculated from the best-fit elastic moduli at
room temperature (solid) and 1510K (dashed).

1 " 1 L 1 1 1 1
360 330 300 270 240 210 180
Angle X

4.2. Results using resistance heating

4.2.1. Single crystals both the crystallographic orientation of the sample and single-
The symmetric high-temperature cell has been used toCryStal elastic moduff? The results of the joint inversions

measure the elastic properties of single crystal MgO, which is Yi€!d sample orientations at the three different temperatures
an important ceramic and is used in a variety of applications, (that aré within one crystallographic degree), which we ap-

Because the elastic properties of MgO have been investigateo‘?”ed to the data at all temperatures to calculate phonon direc-
in several previous studié&23%t also provides an excellent tions. At other temperatures the data were usually collected

means of assessing the accuracy of our resistance heatin! =7 directions, which provides redundancy in calculation
techniques. of the three independent;G for cubic MgO. Note that mea-

The acoustic velocities in MgO as a function of tempera- surements in only 3—4 crystallographic directions would be

ture and crystallographic direction were measured from room sufficient to obtain orientation and elastic moduli of such cu-
temperature to 1518 10 K with 100-200K intervals, both bic phases, providing that the normal to the sample plane is
on increasing and decreasing temperafandp to the maxi- known. Such a dense dataset was used to assess the internal

mum temperature the Brillouin spectra were of superb quality COnsistency of the measurements.

with negligible thermal backgroundFig. 6). At three tem- Acoustic velocities were inverted for the elastic moduli
peratures (295 1K, 1073+ 5K, and 151Gt 10K) the data using a linearized inversion procedure described by Weidner

were collected in more than 10 crystallographic directions 21d Carletort? The density of MgO at high-temperature was
(Fig. 7) which allowed us to perform a “joint inversion” for ~ calculated from the thermal expansion data from Refs.
33. The resulting single-crystal elastic moduli are shown in
Fig. 8and listed inTable 1 along with the previous ultrasonic
MgO | results of Sumino et &° and Isaak et & Our Brillouin re-
Vs s sults are in agreement with previous measurements, and no
systematic deviations from the trend of the ultrasonic results
v were observed. Further descriptions of these results are given
P Ve by Sinogeikin et af? The excellent agreement between our
results and independent measurements at lower temperatures
demonstrates that our experimental techniques can be used
to obtain accurate high-temperature single-crystal elasticity
measurements on very small crystals to temperatures in ex-
cess of 1500 K.
D7 W L.JU - A . The symmetric high-temperature cell was used to measure
-12-10-8 -6 -4 -2 0 2 4 6 8 10 12 the temperature dependence of the single-crystal elastic mod-
Velocity, km/s uli to 1473 K of Yttria (Y20s3), which, in the form of dense
. L . o _ polycrystalline ceramics, has been considered for use in nu-
Fig. 6. Brillouin spectra of MgO in [110] direction in symmetric high-

temperature cell. Unshaded peaks — room temperature spectra, shaded peal@ear appllcatlons and infrared Optl%We have further per-

— spectra at 1514 10 K. The intensities of the peaks are scaled to fitonthe fOrmed single-crystal studies on a number of geophysically
same plot. important silicate minerals, including the high-pressure poly-

Intensity
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350 —————— The high-temperature elastic moduli were measured on

C, fibers of mullite ¢~2.5Al,03-Si0O,), a common ceramic ma-
001 By, 1 terial, to 1475 K134 Even though the samples consisted of
Ga, -

o, - highly-textured polycrystalline fibefS,with crystallites hav-
2508 ' 1 ing different rotation about their axis by up to 5, it was
% possible to extract all nine single crystal elastic constants
4 200p e ) 4 (orthorhombic symmetry). That stutfyrevealed substan-
S C. + Sumino, 1983 tial differences between bulk elastic properties calculated
150 M*Ooo.mgog.n_- from “single crystal” measurements and the properties re-
[ o ported in the literature for polycrystalline-sintered mullite. It
100} QuisOr + @ O+ OD O O © o0 was shown that factors, such as microstructure, intergran-

r ular silicate glassy phases, and composition have signifi-
50 PR 1 L L 1 - - . .
R e Tt 00 0 T T Tase T0 canF effect on the elasticity of mullite ceramics, especially
Temperature, K at hightemperatures.

We also performed high-temperature elasticity measure-
Fig. 8. Single-crystal elastic constants of MgO as a function of tempera- ments on a range of polycrystalline garnet-structured com-
ture. Open symbols (circles and squares) represent two different runs from pounds (MgSi4012_|\/|93A| 2Si3012s0lid solutions), that are
this study. D|%monds and crosses show ultrasonic data of Is_aal%%mdi stable at high pressure and are geologically important phases
Sumino et af® for comparison. The size of the symbols is bigger than the in the deep EartR® The measurements were performed on
experimental uncertainty. ! P ) u . W . P .

extremely small samples (<1@0n in lateral dimensions and

morphs of olivine §-Mg2SiOs and v-(Mg,FebSiO) 2425 ~20pm thick) with randomly oriented grains of submicron

lawsonite (CaAd(Si07)(OH)p-H,0)28 and magnesium- size. Such a texture allowed us to measure the aggregate
aluminum gamet—pyrope (M@|2Si3,012) 23 acoustic velocities and elastic moduli directly, providing es-

sential information for geophysical modeling.

4.2.2. Polycrystalline aggregates
ITh'e' synthesis of crystals large engug? for smgle-g:rystall High-temperature Brillouin scattering has been ex-

ehasi;ucny meajurr]emebr.llt's can be a S|gn|| icant experlmentatensive|y used to study the mechanisms of phase

challenge, and the ability to measure elastic properties Us-y 5 itionsh6-11 particularly those involving elastic mode

ing polycrystalline aggregates is essential in this case. Theganing. An example studied in our laboratory involves the

main restriction for measurements on polycrystals is that the high temperature phase transitions of enstatite (Mg5®
samples need to be well sintered, so that they are transparent | important component in some ceramics. It is well known

and do not produce a lot of elastically scattered light. Elas- that the low-temperature orthorhombic form of this mineral

tic I;aylelgh scattt)erlng of I|gr:t flrom the skam?jle_: genera"yh(orthoenstatite) undergoes at least one phase transition to ei-
produces a very broad central elastic peak and increases thg, o 5 monoclinic (clinoenstatite) or another orthorhombic

background in these types of experiments. nonquenchable polymorph (protoenstatite). Both the temper-
ature of this transition and the structure of the stable high

4.2.3. Phase transitions

Table1 . . . ___temperature form are controverstél®’High temperature X-
Polynomial representation of single-crystal and aggregate elastic moduli of . .. . . .
MgO ray studies of the phase transitions in this material have not
Modulus/coefficient This study, Suminoetaf® Isaak et al® been defm.ltlvel’ dlée :: pellrt to t.hellco_mplgxny of the Crnyt?]l
t01510K  300-1300 K 300-1600 K strluctureshmvcr)1 ved, the ¢ os;:- similarities in s;ructure;_q t ?
Cu a 3155 3152 3179 polymorphs, the presence of twinning, gnd the senS|t|\{|ty 0
b —0.058 —0.062 _0.062 the transitions to shear stresses. Our single-crystal Brillouin
c -1.703 0692 0283 scattering measurements on natural orthoenstatite to 1623 K
Cu a 1589 16Q7 1614 at 1 atnt? provide clear evidence for a phase transition that
b —g"#g —ggég —(1’2;3 is accompanied by significant softening of the elastic mod-
Cir ; _93’8 _92‘9 _93'8 uli Cz3 andCss. This softening makes the occurrence of the
b 0.007 Q011 Q010 phase transition at 13682 K < Ty < 14484 7 K far more
c —3.084 —6.005 —5.468 obvious in the Brillouin data than in X-ray diffraction. These
Koes a 1681 1671 1685 are the first observations of elastic softening in orthoenstatite
b —0.016 —0.013 —0.014 at high-temperature. The details are given in Jackson’ét al.
c -1.907 -3616 —3.547
nw a 1377 1386 1396 "
b _0.022 _0.026 _0.025 4.2.4. Glass transition
c —-1.729 0668 —0.036 A final example of the applications of resistance heat-
All the coefficients are given for the equatioM(T)=a+bx T+ ing Brillouin experiments is in the glass ceramic field. The

¢ x 107 x T2, whereM is an elastic modulus, aritis temperature in K. glass transformation temperatufig, from the glassy to the
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supercooled liquid state is easily seen in Brillouin scattering exciting Brillouin scattering, is significantly higher than the
measurements1®38:39|n addition to obtaining the elastic  intensity of Brillouin peaks, that is when Brillouin peaks can
properties by measuring the magnitude of the Brillouin shift, not be distinguished from thermal background. Optically
analysis of the widths of the Brillouin peaks gives informa- transparent samples (especially well polished single crystals)
tion on relaxation and viscoelastic properties of glasses andhave extremely low emissivity in the visible, usually orders
melts. This information can in turn be related to the mobilities of magnitude lower than metals. This allows relatively low
of atomic species in these materié?s. thermal emission and the possibility of performing Brillouin
scattering to temperatures exceeding 2000-2500 K.

5. IR laser heated measurements 5.1. Experimental methods

Conventional high-temperature Brillouin scattering, The CQ laser-heating system used with Brillouin scat-
which employs resistance heaters, can be routinely per-tering measurements is shown schematicallfim 9. It is
formed to temperatures of about 1506K22234There are  based on a conventional Brillouin systefig. 2) with the
a few examples of Brillouin measurements performed to addition of a 100W C@ (x =10.6pm) pseudo-CW laser
higher temperatures!’ The highest temperature measure- operating in TEMo mode, a broadband spectrometer, and
ments performed by Brillouin scattering with resistive heat- optical components to deliver the GGaser beam to a sam-
ing thus far are those by Vo-Thanh et'8lwho measured  ple and analyze Raman and incandescence spectra. The CO
the product of the compressional acoustic velocify) (and laser is equipped with a built-in power stabilization system
refractive index of silicate melts up to 2350K. In theory it which provides a nominal power stability ef0.5% (after
is possible to make resistance furnaces which will be able towarm-up). In all experiments we used an unfocused laser
achieve higher temperatures, but there are a number of lim-beam with a near-Gaussian beam profile and a full width
itations that make these cells impractical for Brillouin mea- at half maximum (FWHM) of~2 mm. All Brillouin/Raman
surements. measurements were performed in a platelet symmetric scat-

One limitation is a high thermal background in high- tering geometry. A detailed description of the system and
temperature Brillouin spectra which, at temperatures be- experimental setup is given in Sinogeikin ef&l.
low 2000K, is usually related to the radiation from heater
elements (e.g., heating wires and polycrystalline ceramic 5.2. Results from laser-heating measurements
components), rather than a sample itself. The maximum tem-
perature of elasticity measurements is also limited by any re-5.2.1. Brillouin scattering on MgO
actions which can take place between a sample and furnace The feasibility of performing Brillouin measurements
elements or a ceramic cement, usually resulting in a deterio-on laser-heated samples (temperature stability, maximum
ration of the sample at extreme temperatiir&Sin addition,
there are practical limitations to the construction and opera-

tion of resistance furnaces for temperatures far above 1500 K, PM mu ' q
especially for ones which are compact and have sufficient M 100W CO; Laser
optical access for accurate Brillouin measurements. There-. o e, + NeHe Laser |
fore, itis desirable to use non-resistive, or contactless heating sy —
methods in order to achieve maximum temperatures and fully Sample ROV
exploit the benefits of high-temperature Brillouin scattering. L

The most effective contactless method for heating ce- (N Spectrometer for
ramic (oxide) materials is irradiation by longer-wavelength thermal emission

and Raman

infrared lasers X~10um). Such techniques are routinely
used for thermal processing of silicates and oxXi##é$and

material synthesi®> as well as for studying phase relations
and physical properties of such materials, especially at BSt BS/N

ptic fiberm
high pressure$—4> The maximum temperature which EM ‘ v

measurements

can be obtained with IR laser-heating is limited only by NF % 6-pass tandem
the maximum temperature of sample stability (melting, -ﬁ abry-Perot
decomposition, deterioration) rather than heater limitations. M V- O Interferometer

The maximum temperature in Brillouin scattering experi-
ments is also determined by the thermal background from o
the sample (WhiCh is directly proportional to emissivity Fig.9. Schematic diagram of the laser-heating system for Brillouin measure-

f th | Th llecti f Brill t ments. Abbreviations are: AM, aperture mask; BSt, beam stop; M, mirror;
0 € samp e) € collecton o rillouin Spectra is no BS/FM, beam splitter or flipping mirror; NF, notch filter; PM, powermeter;

longer possible when the intensity of thermal emission vc, video camera. The details of the Brillouin spectrometer are given in
in the region corresponding to the frequency of the laser, Fig. 3
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experimental temperatures, thermal gradients) was firstare not a serious concern in the present experiments because
demonstrated on single crystals of MgO in the (100) we used a broad unfocused gfaser with FWHM~ 2 mm,
orientation polished plane-parallel te50pum thickness. while the spectra were collected from an axial area of
The Brillouin measurements were performed in the [100] 40-60um.
and [110] crystallographic directions. Below 1900K the The axial thermal gradients were estimated based on the
thermal background in the Brillouin spectra was negligible width of the MgO Brillouin peaks as compared to measure-
and became significant only above 2100 K. At high temper- ments in resistively-heated cell with practically nonexistent
ature the Brillouin peaks remained sharp and well defined to gradients. The acoustic velocities in MgO decrease rapidly
a temperature of2400 K (Fig. 10. At higher temperatures  with temperature (especiallyp1%% and V11922 thus the
the quality of the spectra degraded due to an extremely highpresence of temperature gradients in a sampling volume
thermal background, and significantly longer collection would increase the width of Brillouin peaks. Analysis of the
times were necessary to obtain a reasonable signal-to-noisérillouin peaks obtained using laser-heating indicated that
ratio (note that the intensity of the Brillouin peaks increases the axial thermal gradients across the samples at the highest
linearly with temperaturé® whereas the intensity of temperatures do not exceed 50 K (which is within the uncer-
thermal radiation is proportional t@%). Temperatures in  tainty of temperature determination). The further details are
the laser-heating experiments were obtained by comparinggiven in Sinogeikin et a2
measured velocities of MgO with previous measurements to
1500 K with a resistance heatéand extrapolated to higher  5.2.2. Brillouin and Raman scattering on,&ls
temperatures. The acoustic velocities in this experiment One of the drawbacks of laser heating (especially for
served as an internal thermometer, and the temperaturesgransparent samples) is that the temperature cannot be mea-
calculated separately frovp and Vs peak positions were  sured with a thermocouple, and can only be characterized by
within 80 K. We calculated that the highest temperatures of thermal emission above 1200-1500 K in the best of cases due
our Brillouin measurements were 238000 K in the [1 0 0] to extremely low emissivities of transparent oxide materials.
direction and 2526-100K in the [110] direction. We  An inability to characterize moderate sample temperatures
believe that optimization of the system (e.g., using a shorter would significantly limit the applicability of C@ laser
wavelength phonon probe, such as 488 nm) can increase théieating for high-temperature elasticity measurements.
temperature limit by several hundreds of degrees. Therefore, to characterize temperature in the range from
The Brillouin measurements on laser-heated MgO were ambient to 1500-2000K, alternative ways of measuring
also used to access the thermal gradients in the laser-heatettmperature are needed.
spot. Laser heating is a localized heating method as com- Even though the thermal radiation is the primary way
pared to resistive heating where the entire sample is heatecbf measuring and calibrating temperatures above 1260 K,
uniformly. Therefore, it is important to consider axial (along there exist a variety of alternative ways of temperature mea-
the axis of CQ beam) and radial (perpendicular to the laser surements based on the temperature dependence of measur-
beam) temperature gradients. The radial thermal gradientsable physical properties of materials, for example vibrational

frequencies obtained from Raman spectroscopy. Our exper-
imental setup allows the collection of Brillouin and Raman

100t (MgO T=1920:100K ) spectra from the same spot on the samplg.(9). Therefore,
i 9 it is possible to use information contained in Raman spec-
80 : : tra to characterize the temperature in the laser-heated spot
60 (except for some cubic crystals, such as MgO, which do not
. ¥ produce any first-order Raman spectra). The temperature-
@ sensitive properties of Raman spectra are anti-Stokes/Stokes
© 20r intensity ratio, the widths of Raman peaks, and the absolute
*uz::‘ 0 = P - ety positions of Raman peaks.
& 5000 The anti-Stokes/Stokes intensity ratio is widely used for
L= temperature measuremefits**The theoretical limit of this
method is about 1200 K, above which the anti-Stokes/Stokes
<D0 intensity ratio approaches unity. In practice this method may
2000 } be accurate only at temperature bele®50 K*’ The widths
of Raman peaks increases with temperaf@ir. Unfortu-
o nately, the quality (and therefore the accuracy of width mea-
surements) of the Raman peaks progressively degrades with

-10

Fig. 10. Brillouin spectra of MgO in the [11 0] direction with Gdaser
heating at 1928- 100K and 252@: 100 K.

-5

Velocity, km/s

0

increasing temperatutkthereby limiting the applicability of
this technique.

In our experiments as an internal thermometer, we have
explored the use of temperature-induced Raman shift, which
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seems to be the most accurate spectroscopic method of ol
measuring moderate temperatutésThe Raman shift is
geometry (scattering angle) independent, and can be readily
calibrated in any geometry with a variety of high-temperature
devices>152

Brillouin and Raman spectra were measured on a laser-
heated sample ef-Al O3 (sapphire). This material was cho-
sen because of its importance as a ceramic, and it has been
characterized by a variety of experimental techniques. Sap-
phire has a high melting temperature (2328 K) and does
notundergo any high-temperature phase transitions. Its single
crystal elasticity at high temperature was previously mea- & Stokes
sured by rectangular parallelepiped resonance to 1825K ]
and by Brillouin spectroscopy to 2100K. I TR -

The calibration high-temperature Raman measurements 250 500 750 1000 1250 1500
were performed in an axial resistive heating furndtig.(5) Temperature, K
in a near-forward scattering geometry. An argon-ion laser
(A =514.5 nm) was used as an excitation source. Both StokesFig- 11. Frequency shift of the most intense line (417 &jin the Raman

- . spectrum of sapphire as a function of temperature measured by thermocou-

and anti-Stokes Raman shifts were me,as,ured to 1500 K'plesinanexternally—heatedceII.ThesolidIineisthequadraticIeast-squares
Above that temperature the thermal emission by the plat- pestfit (\v=4.95-0.0157x T — 3.4556x 106 x T2). Data above 1400 K
inum holder, heater, and ceramic parts produces extremelywere not used in the fit. The uncertainty in temperature and peak positions
high thermal background which significantly degraded the is smaller than the size of the symbols.
quality of the Raman peaks, and did not allow us to precisely
determine their positions. The temperature shifts of the Ra- were collected in the [100] and [010] crystallographic
man peaks were fitted by quadratic functidfsThe sharp  directions up to 2008 100K. Up to the highest temper-
and intense peak at 417 chgave the most consistent po-  ature, the quality of Brillouin spectra was excellent. The
sitions Fig. 11). The temperatures, as calculated from the thermal background in Brillouin spectra was observed only
position of this peak and a fitted function in the interval from above 1900 K, but remained negligible up to the maximum
300 to 1400K, were within 10K of temperatures measured temperature. Raman spectra were collected during each run
by thermocouples. before and after the Brillouin measurement and were further

The laser-heating Brillouin measurements were per- ysed to calculate sample temperature (note that the Raman
formed in a 80 symmetric platelet geometry on single and Brillouin spectra were collected from exactly the same
crystals cut into~1mmx4mm slabs and polished to  yvolumes of the sample, where the light from Argon ion laser
50-60um thickness. High-temperature Brillouin spectra passes through the sample). Unfortunately, the Raman peaks

-5

'
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o
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Fig. 12. Acoustic velocities im-Al,03, measured on laser-heated samples, as a function of temperatbréection ([100]) (plate A) and-direction
([010]) (plate B). Diamonds and circles are measurements from this study. The temperature was calculated from the temperature-induced ifteffuency sh
the 417 cnt! Raman peak (sefig. 11). Open squares—ultrasonic (RPR) measurements of Gotd#t al.
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500F g, T ; = The good agreement between our results and those measured
%io by ultrasonic techniques demonstrates the viability of using
475l °°°3% ] Brillouin scattering of laser-heated samples in combination
., Cu ] with Raman spectroscopy to obtain reliable elasticity infor-
o ik O‘a% 1 mation at moderate temperatures where the application of
S %%n 1 thermoradiometry is not possible.
" ®,
S 425} 1
g .
Em_ oJ 6. Summary
w0
o 175F &, 1 We have developed techniques for measuring the elas-
WW tic moduli of ceramic materials at high temperatures, us-
150 i oy * ing both external heating (to 1800 K) and laser heating (to
B, E""unn.,_ T>2500K) of samples. The full set of elastic constants of
125F . transparent oxides (even possessing low symmetry) at high

500 1000 1500 2000

temperatures can be measured on samples with dimensions
Temperature, K

of 100x 100x 20um or even smaller, which is not readily

) ) ) ) achieved by other techniques.
Fig. 13. Selected single-crystal e_Iastlc modulicafAl 203, measured on We have designed compact resistance heaters which were
laser-heated samples, as a function of temperature (solid symbols). Open . .
symbols are from ultrasonic measurements of Goto &t al. used to study temperature dependence of the elastic moduli of
a variety of single-crystal and polycrystalline oxide materials
and glasses, and were used to observe high-temperature phase
transitions involving elastic softening and glass transitions in
various materials.

We have combined Brillouin and Raman scattering with
CO; laser heating. This allowed measurements of the elastic
moduli of oxides performed at yet higher temperatures,
approaching melting points of refractory materials. Brillouin

were not distinguishable from the thermal background above
2000 K, which prevented us from performing measurements
at higher temperatures.

The measured acoustic velocities in the [1 0 0] direction as
a function of calculated temperature are showFRim 12A.
Fig. 1B shows the velocities measured in two distinct orien-

tations corresponding to the [0 1 O] crystallographic direction. . loci ih C@ser heai
Also shown are the velocities calculated from single-crystal scattering velocity measurements with £@ser eating
were performed on MgO to 251100K (the highest

elastic moduli reported in Goto et &.(Fig. 12A and B, ; o .
= . temperature thus far at which Brillouin scattering mea-
open squares). From our measured velocities the single crys-

tal moduli Cu1, Ces and Ca, were calculatedRig. 13and SBl:irI’Iaomuﬁwnfnga\ézgzerzlnsr:;?:r)inag’;n?\rltzeggl}?erzn?n% \}voe?eK .made
Table 2 using the thermal expansion data of Goto etal.

Table 2

Selected single-crystal elastic moduli o813 at high temperatures

simultaneously at high-temperatures. The sample tempera-
tures were inferred either from independent sound velocity
measurements performed with a resistance heater (MgO),
or from temperature dependence of the Raman modes

T(K) Ci11 (GPa) T(K) Ces (GPa) C12 (GPa) (Al203).
297 498 298 167.5 162.5 Our results show that Brillouin scattering coupled
518 488 2969 167.0 163.5 with CO, laser heating is a viable means of performing
518 486 503 164.0 160.3 sound velocity measurements at temperatures significantly
;33 iéz 138; 12;? igg:‘l‘ higher than those readily made using resistance heating.
1173 456 1213 148.8 156.8 We demonstrate the viability of combining Brillouin
1417 444 1456 142.9 155.8 and Raman spectroscopies on laser-heated samples for
1648 432 1705 136.8 155.0 obtaining reliable velocity measurement at moderate tem-
1805 423 1828 1335 154.7 peratures where the application of thermoradiometry is not
1980 414 1967 128.7 156.2 possible.
1928 415 1939 130.1 155.1
2083 407 298 168.1 161.3

2969 168.1 161.3

2969 167.7 162.1 Acknowledgments

484 164.6 160.0
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