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Pulse-echo-overlap measurements of ultrasonic wave velocity have been used to
determine the elastic stiffness moduli and related elastic properties of titanium diboride

(TiB2) ceramic samples as functions of temperature in the range 130-295 K and hydrostatic
pressure up to 0.2 GPa at room temperature. TiB, is an elastically stiff but light ceramic: at
295 K, the longitudinal stiffness (C;), shear stiffness (u), adiabatic bulk modulus (B%),
Young’s modulus (E) and Poisson’s ratio (o) are 612 GPa, 252 GPa, 276 GPa, 579 GPa and
0.151, respectively. The adiabatic bulk modulus BS is in good agreement with the results of
recent theoretical calculations. All elastic moduli increase with decreasing temperature and
do not show any pronounced unusual effects. The results of measurements of the effects of

hydrostatic pressure on the ultrasonic wave velocity have been used to determine the
hydrostatic-pressure derivatives of elastic stiffnesses and the acoustic-mode Grlineisen
parameters. The values determined at 295 K for the hydrostatic-pressure derivatives
(0CL/3P)p—o, (314/3P)p—o and (3B°/3P)p_q are 7.294+0.1, 2.563+0.1 and 3.91+0.1,
respectively. The hydrostatic-pressure derivative (3 BS/9P)p_o of the bulk modulus of TiB,
ceramic is found to be larger than that estimated previously from uniaxial shock-wave
loading experiments. The longitudinal (y,), shear (ys), and mean (y®') acoustic-mode
Grineisen parameters of TiB, are positive: the zone-centre acoustic phonons stiffen under
pressure in the usual way. Since the acoustic Debye temperature ®p (=1190 K) is very high,
the shear modes provide a substantial contribution to the acoustic phonon population at
room temperature. Knowledge of the elastic and nonlinear acoustic properties sheds light
on the thermal properties of ceramic TiB,. © 2001 Kluwer Academic Publishers

1. Introduction

The high chemical and thermal stability of titanium di-
boride (TiB;), along with its low electrical resistivity,
high thermal conductivity, low thermal expansion, high
melting point (2980 °C), high elastic moduli, high hard-
ness, and relatively low density have made it an impor-
tant engineering material. TiB, is resistive to erosion,
wear and molten metals. These properties have led to
a variety of technological applications, especially in
high-temperature and corrosive environments, as well
as considerable scientific interest (for an overview see
[1]). TiB; ceramics find uses in a wide range of techno-
logical applications: cutting tools, light armour mate-
rials, aluminium evaporation boats, electrodes in Hall-
Heroult cells and wear parts (see for instance [1]).
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Titanium diboride is a compound, which crystallizes
in the hexagonal structure of the AlIB, type with in-
teratomic bonding mainly of a covalent nature [1-4].
Despite the technological importance of TiB, under-
standing of the elastic and nonlinear acoustic properties
of its ceramic form is sparse. For design purposes the
elastic behaviour of TiB, ceramics must be evaluated
as functions of temperature and pressure. Previously
the elastic moduli (i.e. Young’s and shear moduli and
Poisson’s ratio) of ceramic TiB, were measured at room
temperature by ultrasonic [5—8] and resonance tech-
niques [9—12]; resonance techniques were also used to
determine the temperature dependences of some of the
elastic moduli of TiB; in arange from room temperature
to about 1300 K at atmospheric pressure [9, 11, 13-15].
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However, with the exception of a paper [8], no work
on the effects of pressure on the elastic behaviour of
TiB, is available in the literature (see also [16]). The
present high-pressure ultrasonic study of the elastic and
nonlinear acoustic properties of TiB, has been largely
motivated by the need for accurate measurements of
the effects of hydrostatic pressure on the velocities of
longitudinal and shear ultrasonic waves propagated in
TiB,, which are essential for design purposes in en-
gineering applications and scientific investigations of
dynamic response of the material to applied pressure
or shock-waves (see, for instance [10, 17]). To assess
the nonlinear acoustic properties of TiB; ceramic, ultra-
sonic wave velocities have been measured as a function
of hydrostatic pressure up to 0.2 GPa at room tempera-
ture; ultrasonic wave velocity measurements on this ce-
ramic have been extended from room temperature down
to 130 K. The outcome of this experimental work has
been the determination of the technological elastic stiff-
ness moduli and related elastic properties and how they
vary with temperature and hydrostatic pressure. The
elastic stiffnesses of a solid determine the slopes of the
acoustic-phonon dispersion curves in long-wavelength
limit; their hydrostatic-pressure dependences provide
information on the shift of the mode energies with com-
pression and hence on the anharmonicity of zone-centre
acoustic phonons. The present results provide intrigu-
ing physical insight into the elastic and nonlinear acous-
tic properties and in turn on the thermal properties of
ceramic TiB,.

2. Experimental procedures
The TiB; ceramic used in this work was manufactured
by Cercom (USA). Scanning electron microscope im-

ages of the grain structure were taken on suitably pol-
ished and thermally etched samples (Fig. 1). The grains
are randomly oriented and have a range of sizes. To
obtain a measure of the average grain size, a lineal in-
tercept analysis was performed: the intercept length for
1000 grains was measured. Actual grain sizes (d) were
calculated using the expression

d=1.56(L/my), €]

where L is the measured lineal intercept length and
my is the magnification factor used in the scanning
electron microscope. The factor 1.56 is an effective
correction factor derived by Mendelson [18] for ran-
dom slices through a model system consisting of space
filling tetrakaidecahedrally shaped grains (truncated
octahedrons) with a log-normal size distribution. The
ceramic was considered to be single phase. This as-
sumption is valid considering the very low secondary
phase content and low porosity. X-ray diffraction data
indicated the presence of a very small proportion of
a secondary phase. The diffraction data also gave evi-
dence of a slightly preferred orientation: an increase
in intensity of c-axis planes and a suppression in in-
tensity of a-axis planes, with respect to the standard
intensity values, in one principal axis direction along
the pressing direction and vice versa in two ortho-
gonal directions. The grain size distribution is shown
in Fig. 2. The average grain size for this TiB, ce-
ramic was calculated to be 8.2+ 5.3 um. The sam-
ple density p (=45104 10 kgm~>) was measured by
Archimedes’ method using acetone as a flotation fluid.
The density of the sample is 99.7% of the theoretical
density (4520 kgm™3) of pure TiB,. A sample, which

Figure 1 Scanning electron microscope images of the grain structure of TiB, ceramic sample.
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Figure 2 Grainsize distribution in the TiB; ceramic sample. The average
grain size was found to be 8.2+ 5.3 um.

was large enough for precision measurements of ultra-
sonic wave velocities, was cut and polished with a pair
of faces, flat to surface irregularities of about 3 um
and parallel to better than 1073 rad. The sample thick-
ness in the direction of ultrasonic wave propagation was
9.440£0.015 mm.

To generate and detect ultrasonic pulses, X- or
Y-cut (for longitudinal and shear waves, respectively)
10 MHz quartz transducers, operated in the 50 MHz
overtone, were bonded to the specimen using Nonaq
stopcock grease for low-temperature experiments. Dow
resin was used as bonding material for high-pressure
experiments. Ultrasonic pulse transit times were mea-
sured using a pulse-echo-overlap system [19], capable
of resolution of velocity changes to 1 part in 10° and
particularly well suited to determination of pressure-
or temperature-induced changes in ultrasound velocity.
A correction was applied to the ultrasonic wave ve-
locity for multiple reflections at the sample transducer
interface [20]. The temperature dependence of ultra-
sound velocity was measured in the temperature ranges
130-295 K (for shear mode) and 160-295 K (for lon-
gitudinal mode) using a closed-cycle cryostat. At lower
temperatures thermal expansion differences between

sample, bond and transducer caused the ultrasonic sig-
nal to be lost; anumber of bonding agents were tried, but
none gave satisfactory results. The dependence of ultra-
sonic wave velocity upon hydrostatic pressure was mea-
sured at room temperature (295 K). Hydrostatic pres-
sure up to 0.2 GPa was applied in a piston-and-cylinder
apparatus using silicone oil as the pressure-transmitting
medium. Pressure was measured using a pre-calibrated
manganin resistance gauge. Pressure-induced changes
in the sample dimensions were accounted for by using
the “natural velocity (W)” technique [21].

3. Temperature dependence of the
elastic stiffness moduli

The velocities of longitudinal (V1) and shear (V) ultra-
sonic waves propagated in the TiB, ceramic at 295 K
are given in Table 1. The longitudinal velocities were
measured for wave propagation direction parallel to the
preferred orientation. Shear velocities were measured
with their polarisation direction both parallel and per-
pendicular to the preferred orientation; at room temper-
ature they differ by about 2%. The elastic parameters
and temperature and pressure induced changes given
in this paper are those for the shear mode for the po-
larisation perpendicular to principal axis. Since the ul-
trasonic wavelength is about two orders of magnitude
larger than the average grain size, this small-grained
polycrystalline ceramic can be treated as an isotropic
material, which has two independent elastic stiffness
moduli C;, (=pV}?) and u (=pV3). These elastic stiff-
ness moduli, the adiabatic bulk modulus BS, Young’s
modulus E, Poisson’s ratio ¢, and the acoustic Debye
temperature ®p have been determined from the ultra-
sonic velocity data and sample density, using the re-
lationships for an isotropic material (see for instance
[22,23]). The results obtained at room temperature are
compared where possible in Table I with those deter-
mined previously by other researchers [8, 10, 16] for
hot-pressed TiB, ceramic samples of similar density.
There is a general agreement between the present and
previous data where it exists. The small discrepancies

TABLE I The ultrasonic wave velocities, adiabatic elastic stiffness moduli and their hydrostatic-pressure derivatives, and the acoustic-mode
Griineisen parameters of ceramic TiB, at 295 K, in comparison with data taken from literature. The sound velocities quoted in [10] were stated to

have been accurate within about 2%

Description Present work Ref. [10] Ref. [8,16]
Density p (kgm~3) 4510+ 10 4510 4490+ 10
Longitudinal wave velocity Vi (ms™1) 116504+ 10 11210 112304210
Shear wave velocity Vg (ms~h) 7470 £ 10 7250 7410£ 130
Longitudinal stiffness C; (GPa) 61212 567

Shear stiffness u (GPa) 25241 237 246+9
Bulk modulus BS (GPa) 276 +2 251 237+£16
Young’s modulus E (GPa) 57943 541

Poisson’s ratio o 0.151 +0.002 0.141 0.114
Acoustic Debye temperature ®p (K) 1190 £5

(0CL/OP)p—o 7.29+£0.1 (14)
(Ou/3P)p=o 2.53+0.1 8.98 +0.42
dBS/3P)p_o 391+0.1 2.02+0.18
" 1.48+0.01

¥s 1.224+0.03

ye! 1.3140.02
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may be a result of variation in microstructure and purity
of the samples used in each work.

The elastic properties of anisotropic polycrystalline
materials are usually dependent on microstructure. It
is well known that TiB, has a substantial anisotropy
in thermal expansion, that along the c-axis being con-
siderably larger than that along the a-axis (see for in-
stance [5, 11]). This anisotropy produces considerable
internal stress during post-fabrication cooling and gen-
erates microcracking, relieving the localized residual
stresses, when the grain size is larger than a critical
size [24,25]. The microcracking occurs in the grains
and at the grain boundaries, and results in degrada-
tion of macroscopic mechanical properties [5—7]. For
TiB,, this critical grain size was found [5—7] to be about
15-20 pum. Examination of the scanning electron mi-
crographs showed no evidence of microcracking in the
hot-pressed TiB, ceramic used in the present work. The
mean grain size is lower than the critical value and
hence its elastic moduli (Table I) correspond to that of
a high density, uncracked ceramic.

The value determined for Young’s modulus (Table I)
is somewhat larger than but comparable to those ob-
tained [5-7,9-11, 14, 15] for hot-pressed TiB,; it is
in good agreement with that (=569 GPa) found [26]
for hot-pressed polycrystalline TiB, that showed no
crystallographic texture. It is useful to compare the
experimental values obtained for the elastic stiffness
moduli of polycrystalline samples with those calcu-
lated from the single-crystal elastic constants (Cj ).
Only limited data at room temperature are available
for the single-crystal elastic constants of TiB, [26, 27],
since it is difficult to grow high purity, crack free, high-
density single crystals of sizes suitable for ultrasonic
pulse-echo measurements [28]. All the five independent
elastic constants of single-crystal TiB, were measured
[14,15,26] at room temperature using a mechanical
resonance method. The values determined in the present
work for the Young’s and shear moduli of TiB; ceramic
(Table I) are in reasonable agreement with the Hashin-
Shtrikman bounds (i.e., 578-580 GPa for Young’s mod-
ulus and 262-263 GPa for the shear modulus, respec-
tively) obtained [15, 26] from single-crystal elastic con-
stants of TiB,. This finding is in accord with the absence
of microcracks in the TiB; ceramic sample used in the
present work. Ultrasonic attenuation values for longitu-
dinal (<0.15 dB/cm) and shear (<0.10 dB/cm) modes
at 50 MHz have been measured at room temperature.
These values are so low that transducer bonding and
diffraction losses must constitute a significant part of
the attenuation. Hence the intrinsic losses in the ceramic
are very small. This supports the observation that the
sample had few microcracks and good mechanical in-
tegrity.

The adiabatic bulk modulus BS of TiB, ceramic
(Table I) is in good agreement with the bulk modulus
(=271 GPa) derived [29] from theoretical calculations
of ground state properties of TiB,. This observation in-
dicates that there is good bonding between the grains
and a lower density of microstructural defects such as
microcracks in the TiB, ceramic used in the present
work; hence its elastic properties (Table I) can be con-
sidered as representative for polycrystalline TiB,. How-
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ever, we note that the value determined for B of TiB,
ceramic is considerably larger than the bulk modulus
(=240 GPa) calculated from the most recent set of data
for single-crystal elastic constants of TiB, [14, 15, 26],
using

_ (C11 + C12)Ca3 — 2CH,
Cii+Cip+2C33—4C15

2)

Equation (2) gives 400 GPa for the bulk modulus of
single crystal TiB, using the C;; data reported in [27].
A value of 416.8 GPa was estimated [30] for the bulk
modulus of TiB, from the same set of data for C;; [27],
which is not consistent with the results of most mea-
surements.

The large value of the shear modulus of TiB; ce-
ramic (Table I), which is comparable to that of the bulk
modulus, indicates that TiB, ceramic has a large resis-
tance to applied shear stress: TiB, has a high rigidity.
The magnitude of Poisson’s ratio found for TiB, ce-
ramic (Table I) is significantly larger than those deter-
mined previously [5,7] using ultrasonic methods and
that (=0.097) obtained [11] using strain gauges. The
relatively small value of Poisson’s ratio implies that the
interatomic bonding is not central in nature.

The acoustic Debye temperature (Table I) determined
for TiB, ceramic in the present work is comparable with
the results of some of the previous measurements of
elastic constants: i. e., 952-1130 K (Ref. [31]), 1140 K
(Ref. [9]) and 1170 K (Ref. [13]), and that (=960 K)
determined [32] using the X-ray technique. The high
acoustic Debye temperature is consistent with the high
elastic stiffness and mechanical strength of the material.
Debye temperature is involved in a number of physi-
cal properties including heat capacity, thermal expan-
sion, and Debye-Waller factor. However, Debye tem-
peratures involved in different physical properties are
not strictly identical [33]. Low temperature specific heat
measurements gave the values of 807 K (Ref. [34]) and
820 K (Ref. [2]) for the calorimetric Debye tempera-
ture, which is much smaller than the acoustic Debye
temperature, obtained from elastic stiffness measure-
ments on polycrystalline TiB,. The discrepancies be-
tween the acoustic and calorimetric Debye tempera-
tures could be due to inaccuracies in elastic stiffness
and specific heat measurements.

The temperature dependences of the adiabatic longi-
tudinal and shear elastic stiffnesses, bulk and Young’s
moduli of TiB, ceramic at atmospheric pressure are
shown in Fig. 3. They were obtained from the sample
density and the velocities of 50 MHz ultrasonic waves
propagated in the sample as it was cycled between room
temperature and the lowest temperature of measure-
ments. Corrections on elastic moduli for sample length
and density changes are expected to be negligible due
to the low thermal expansion of TiB; [1,5]. All elas-
tic moduli increase with decreasing temperature and
do not show any pronounced unusual effects. There
was no measurable thermal hysteresis in the ultrasonic
wave velocities and no irreversible effects. Thermal
hysteresis effects were also absent in the temperature
dependences of Young’s and shear moduli measured
[9] in the range from room temperature to 1300 K. The
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Figure 3 Temperature dependences of the adiabatic elastic moduli of TiB; ceramic: (a) longitudinal, (b) shear, (c) bulk modulus, and (d) Young’s
modulus. The filled circles correspond to measurements made with decreasing temperature and the open circles to data obtained as the temperature

was increased.

acoustic Debye temperature increases smoothly with
decreasing temperature in accord with stiffening of both
the longitudinal and shear wave velocities. Poisson’s ra-
tio increases slightly and approximately linearly with
increasing temperature. The results obtained for the
temperature dependences of Young’s modulus, shear
modulus and Poisson’s ratio are in line with and com-
plement those reported [9, 11, 13—15] previously.

4. Hydrostatic-pressure dependences of
ultrasonic wave velocity and elastic
stiffness moduli

The physical properties of lightweight intermetallic

compounds under pressure are of interest because of

the rapidly expanding use of these materials in high-

pressure and shock-wave technology [10, 16]. The ef-
fects of hydrostatic pressure on the ultrasonic wave ve-
locity in TiB; ceramic are shown in Fig. 4. The data for
the pressure dependence of the velocities of both longi-
tudinal and shear ultrasonic waves are reproducible un-
der pressure cycling and show no measurable hysteresis
effects; the scatter in the data is negligible. This obser-
vation indicates that the TiB, ceramic does not alter in
morphology under pressure cycling up to 0.2 GPa and
that there is no relaxation of any residual stress. The ve-
locities of both longitudinal and shear ultrasonic waves
increase approximately linearly with pressure. This is
normal behaviour: both the long-wavelength longitu-
dinal and shear acoustic-modes stiffen under pressure,
the effect on the former being much the larger.
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Figure 4 Hydrostatic-pressure dependence of the relative change in nat-
ural velocity for TiB, ceramic measured at room temperature. The filled
symbols correspond to measurements made with increasing pressure
and the open symbols to data as the pressure was decreased (different
symbols refer to different experimental runs). The straight lines are the
least-squares fits to experimental data.

The hydrostatic-pressure derivative (0 M /9 P)p—g of
each elastic stiffness M has been obtained from the ul-
trasonic velocity measurements under pressure by using
[35]

oM\ 20f/0P) | 1
(57),., =007 2], 0

where B” is the isothermal bulk modulus, f is the
pulse-echo-overlap frequency at atmospheric pressure
and df/dP is its pressure derivative. The adiabatic
bulk modulus BS has been used rather than isother-
mal BT throughout the calculations, a procedure, which
introduces only a negligible error. The hydrostatic-
pressure derivatives (0Cp/dP)p—g, (Ou/0P)p—y and
(dBS/dP)p—o determined for the TiB, ceramic have
positive values (Table I) typical of a normal solid mate-
rial. Both the longitudinal and shear elastic stiffnesses
and thus the slopes of the corresponding acoustic-mode
dispersion curves, at the long-wavelength limit, in-
crease with pressure in the normal way. The value
determined for the hydrostatic-pressure derivative
(3B5 /3 P)p—_o of adiabatic bulk modulus of hot-pressed
TiB, ceramic is larger than but comparable to those
obtained by other researchers: 2.02 + 0.18 from ultra-
sonic measurements [8] under pressure up to 0.7 GPa,
and 1.89 4 0.29 and 2.39 £ 0.19 deduced [16] from the
compression data under uniaxial shock-wave loading
reported in [10] and [36], respectively. It is worth not-
ing that the value (=3.91) found for (3 B5/dP)p—g of
TiB, ceramic is similar to the values of 3.85 and 4.0 ob-
tained [37] for the pressure derivative of the bulk moduli
of TiC and TiN single crystals, respectively, from first-
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Figure 5 Volume compression of TiB, ceramic at room temperature
(dashed line), extrapolated to very high pressures using Murnaghan’s
equation of state, in comparison with the results for AIN (full line).

principles calculations of elastic and thermal proper-
ties. Although there have been previous measurements
[8] of the effects of pressure on the velocity of ultra-
sonic waves propagated in ceramic TiB,, itis difficult to
compare them with the present results (Table I) because
the information given in [8] is not complete enough to
enable calculation of the pressure derivatives of all the
elastic stiffnesses with confidence. However that calcu-
lation has been made here to obtain the results shown
in brackets in the last column of Table I. The present
values obtained for the hydrostatic pressure derivatives
of the elastic stiffnesses, which come into the normal
ranges expected for a stiff ceramic, do not agree with
those deduced from the data given in [8]. The values
estimated for (0Cy/dP) and (/9 P) using the data
in [8] are very large for a stiff ceramic (being more
representative of a soft polymer) while by contrast are
inconsistent with the value quoted in [8] for dBS /oP
which is rather small.

The measurements of the bulk modulus and its
hydrostatic-pressure derivative have been used to cal-
culate the volume compression V(P)/Vq of TiB; ce-
ramic up to very-high pressures, using an extrapolation
method based on the Murnaghan’s equation of state [38]
in the logarithmic form. The calculation has been per-
formed at room temperature and the results are given in
Fig. 5 along with the V(P)/V( curve for AIN [39] which
also has hexagonal symmetry. The TiB, ceramic is less
compressible than AIN.

5. Griineisen parameters and acoustic-mode
vibrational anharmonicity

The hydrostatic-pressure dependences of ultrasonic

wave velocities quantify to first order the vibrational an-

harmonicity of long-wavelength acoustic modes. Prop-

erties of a solid that depend upon thermal motion of the



atoms are much influenced by anharmonicity. Com-
mon practice is to describe the anharmonic properties
in terms of Griineisen parameters, which quantify the
volume or strain dependence of the lattice vibrational
frequencies. The dependence of the acoustic-mode fre-
quency w, in a phonon branch p on volume V' can be
expressed as a mode Griineisen parameter

_ d(nw))
Y= [ anV) ]T’ @

which can be obtained from the measurements of
the elastic stiffnesses and their pressure derivatives.
The longitudinal (yr) and shear (ys) acoustic-mode
Griineisen parameters have been determined using

1 dCL
=———|CL-3B" | — 5
n= e | (aP )P:O )
and
1 au
=——|u-3BT[ = , 6
¥s " 2 <3P>p:o (6)

respectively. The mean acoustic-mode Griineisen pa-
rameter (), which is a measure of the overall con-
tribution of zone-centre acoustic modes to the lattice
vibrational anharmonicity, has been obtained using

1
r" =30n+2r), (7)

which is strictly valid only at temperatures comparable
with the acoustic Debye temperature. The results ob-
tained at room temperature for ¥, ys and y¢ of TiB,
are included in Table I. All acoustic-mode Griineisen
parameters have normal values. From computer simula-
tions using experimental shock-wave profiles concern-
ing the dynamic yield strength of TiB,, Steinberg [17]
estimated a value of 1.39 for the Griineisen gamma at
room temperature and atmospheric pressure, which is
in good agreement with the mean Griineisen parameter
v (=1.31). It is also useful to note that, from first-
principles calculations of elastic and thermal proper-
ties, Wolf er al. [37] obtained the values of 1.33 and
1.50 for the Griineisen parameters of single crystal TiC
and TiN, respectively, which are similar to y* of TiB,
ceramic. A value of 1.1 was found [9] for the thermal
Griineisen parameter y™ (=3« VBS/Cp) of hot-pressed
TiB, ceramic at room temperature, which is compa-
rable to ys (=1.22). Although the thermal Griineisen
parameter ¥ includes the effects of all phonons in the
Brillouin zone, contributions from optical phonons are
negligible at room temperature. Since TiB, has such a
high acoustic Debye temperature (=1190 K), the long-
wavelength acoustic phonons can be expected to dom-
inate properties determined by vibrational anharmoni-
city even at room temperature. The shear acoustic-mode
Griineisen parameter ys is smaller than the longitudi-
nal acoustic-mode Griineisen parameter y;, (Table I)
accounting for the low thermal Griineisen parameter

y™. Since the acoustic Debye temperature ®p is very
high, the shear modes play a more important role than
longitudinal modes in the acoustic phonon population
at room temperature. This enhances their contribution
to thermal expansion and specific heat—lowering the
thermal expansion and hence the thermal Griineisen
parameter.

6. Conclusions

The velocities of longitudinal and shear 50 MHz ul-
trasonic waves propagated in hot-pressed TiB, ce-
ramic have been measured as functions of tempera-
ture and hydrostatic pressure. The TiB, ceramic is a
stiff material elastically: its elastic stiffness moduli and
acoustic Debye temperature are very large. The elastic
stiffness moduli increase with decreasing temperature
due to the usual vibrational anharmonicity of acoustic
modes and show no unusual effects. The hydrostatic-
pressure derivatives of the longitudinal and shear elas-
tic stiffnesses and bulk modulus have positive val-
ues, hence, the long-wavelength longitudinal, shear and
mean acoustic-mode Griineisen parameters are posi-
tive. The thermal properties of TiB, are in accord with
the low shear acoustic-mode vibrational anharmonicity.
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