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Ultrasonic wave velocity measurements have been used to determine the elastic stiffness
moduli and related elastic properties of high-purity, dense β-Si3N4 ceramic samples as
functions of temperature in the range 150–295 K and hydrostatic pressure up to 0.2 GPa at
room temperature. Due to its covalently bonded, rigid structural framework β-Si3N4 is an
elastically stiff material; the elastic stiffness moduli of the ceramic at 295 K are:
CL= 396 GPa, µ= 119 GPa, B S= 238 GPa, E = 306 GPa, Poisson’s ratio σ = 0.285. The
longitudinal elastic stiffness CL increases with decreasing temperature and shows a knee at
about 235 K; the decrease in slope below the knee indicates mode softening. The shear
elastic stiffness µ shows mode softening which results in a plateau centred at about 235 K
and an anomalous decrease with further reduction in temperature. The hydrostatic-
pressure derivatives of elastic stiffnesses at 295 K are (∂CL/∂P)P=0= 4.5± 0.1, (∂B S/∂P)P=0=
4.3± 0.1 and (∂µ/∂P)P=0= 0.17± 0.02 (pressure< 0.12 GPa). An interesting feature of the
nonlinear acoustic behaviour of this ceramic is that, in the pressure range above 0.12 GPa,
the values obtained for (∂µ/∂P)P=0 and the shear mode Grüneisen parameter (γS) are small
and negative, indicating acoustic-mode softening under these higher pressures. Both the
anomalous temperature and pressure dependences of the shear elastic stiffness indicate
incipient lattice shear instability. The shear γS(=0.005) is much smaller than the longitudinal
γL(=1.18) accounting for the thermal Grüneisen parameter γ th(=1.09): since the acoustic
Debye temperature 2D(=923± 5 K) is so high, the shear modes play an important role in
acoustic phonon population at room temperature. Hence knowledge of the elastic and
nonlinear acoustic properties sheds light on the thermal properties of ceramic β-Si3N4.
C© 2001 Kluwer Academic Publishers

1. Introduction
Silicon nitride (Si3N4) is an important structural ce-
ramic due to its high thermal resistance, strength and
chemical stability, and a relatively low density. These
properties have led to a variety of technological appli-
cations, especially in high-temperature and corrosive
environments, as well as considerable scientific inter-
est [1, 2]. There are two stable polymorphs of Si3N4
with trigonal (α phase) and hexagonal (β phase) lat-
tice structures. Theα-Si3N4 phase has a space group
P31c with two formula units in the unit cell, whereas the
β-Si3N4 phase has a space group P63/m with one for-
mula unit in the unit cell [3]. Differing ceramic process-
ing techniques result in varying proportions of theα and
β phases typically being synthesised together and it can

be difficult to determine the properties of either phase.
Previously the elastic stiffness moduli of Si3N4 ceram-
ics have been measured at room temperature by ultra-
sonic techniques [4–8] and in a temperature range from
room temperature to about 1270 K at atmospheric pres-
sure [9]. However, the effects of pressure on the elastic
behaviour of Si3N4 are unknown. In the present work
we investigate the elastic and nonlinear acoustic prop-
erties of ceramicβ-Si3N4 prepared by hot pressing. The
ultrasonic wave velocity measurements have been ex-
tended down to 150 K. To establish the nonlinear acous-
tic properties ofβ-Si3N4, ultrasonic wave velocities
have been measured as a function of hydrostatic pres-
sure up to 0.2 GPa at room temperature. The outcome
of this experimental work has been the determination of
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second-order elastic stiffness moduli and related elas-
tic properties and how they vary with temperature and
hydrostatic pressure. The elastic stiffnesses of a mate-
rial determine the slopes of the acoustic-phonon disper-
sion curves in long-wavelength limit; their hydrostatic-
pressure dependences provide information on the shift
of the mode energies with compression. The present re-
sults provide intriguing physical insight into the elastic
and nonlinear acoustic properties ofβ-Si3N4 ceramic.

2. Experimental procedures
The β-Si3N4 ceramic was manufactured by Cercom
(USA) using proprietary hot pressing technique. The
material was formed from silicon followed by a con-
version of the silicon to silicon nitride and then hot
pressed. A number of techniques were used to charac-
terise the material. First scanning electron microscope
images of the grain structure were taken on suitably
polished and thermally etched samples (Fig. 1). The
grains are randomly oriented and have a range of sizes.
To obtain a measure of 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 = 1.56L/mf (1)

where L is the measured lineal intercept length and
mf is the magnification factor used in the scan-
ning electron microscope. The factor 1.56 is an ef-
fective correction factor derived by Mendelson [10]
for random slices through a model system consist-
ing of space filling tetrakaidecahedrally shaped grains
(truncated octahedrons) with a log-normal size dis-
tribution. All samples were considered to be sin-
gle phase materials. This assumption is valid con-
sidering the very low secondary phase content and
low porosity. The grain size distribution is shown
in Fig. 2. Average grain size for this Si3N4 ceramic
was calculated to be 0.98± 0.71 µm (median=
0.77 microns).

An X-ray diffraction study (Fig. 3) of the ceramic
showed noα-phase lines; the material isβ-phase
except for a binding agent. Most of the unlabelled
X-ray lines correspond to an impurity phase [11]. The

Figure 1 Scanning electron micrograph ofβ-Si3N4 ceramic.

Figure 2 Grain size distribution ofβ-Si3N4 ceramic.

Figure 3 X-ray diffraction patterns of theβ-Si3N4 ceramic. Theβ-phase
lines are indicated by dashed lines; only lower index lines are labelled.
Most of the other lines correspond to Y20N4Si12O48 formed during the
hot pressing process of manufacture [11].

X-ray diffraction data taken from three perpendicular
faces of the sample indicated a slight preferred
orientation. The sample density (3290± 10 kg m−3)
was measured by Archimedes’ method using distilled
water as a flotation fluid. A sample in the shape of a
parallelepiped, which was large enough for precision
measurements of ultrasonic wave velocities, was
cut and polished with a pair of faces flat to surface
irregularities of about 3µm and parallel to better than
10−3 rad. The sample thickness in the direction of
ultrasonic wave propagation was 7.942± 0.002 mm.

To generate and detect ultrasonic pulses, X- or Y-
cut (for longitudinal and shear waves, respectively)
10-MHz quartz transducers were bonded to the speci-
men using Nonaq stopcock grease for low-temperature
experiments. Dow resin was used as bonding material
for high-pressure experiments. Ultrasonic pulse transit
times were measured using a pulse-echo-overlap sys-
tem [12], capable of resolution of velocity changes to 1
part in 105 and particularly well suited to determination
of pressure- or temperature-induced changes in veloc-
ity. To eliminate the error due to the finite time that
it takes for the pulse to travel through the transducer
and bonding material into the sample, the ultrasonic
pulse transit time was corrected for transducer effects
[13]. The temperature dependence of ultrasound ve-
locity was measured between 150 and 295 K using a
closed-cycle cryostat. At temperatures lower than about
140 K thermal expansion differences between sample,
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bond and transducer caused the ultrasonic signal to
be lost. A number of bonding agents were tried, but
none gave satisfactory results below this temperature.
The dependence of ultrasonic wave velocity upon hy-
drostatic pressure was measured at room temperature
(295 K). Hydrostatic pressure up to 0.2 GPa was ap-
plied 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 dimen-
sions were accounted for by using the “natural velocity
(W)” technique [14].

3. Temperature dependence of the elastic
stiffness moduli

The velocities of longitudinal (VL) and shear (VS) ul-
trasonic waves propagated in theβ-Si3N4 ceramic at
295 K are given in Table I. This small-grained poly-
crystalline ceramic can be treated as an isotropic mate-
rial, which has two independent elastic stiffness mod-
uli CL(= ρV2

L ) andµ(= ρV2
S), because the ultrasonic

wavelength is about two orders of magnitude larger
than the average grain size. The elastic anisotropy was
checked by measuring both longitudinal and shear wave
velocities in the sample at room temperature for dif-
ferent directions of wave propagation: the sample was
found to be elastically isotropic. The longitudinalCL
and shearµ elastic stiffness moduli, adiabatic bulk
modulusBS, Young’s modulusE, Poisson’s ratioσ ,
and acoustic Debye temperature2D, determined at
room temperature and atmospheric pressure, from the
ultrasonic velocity data and sample density, are com-
pared, where possible, in Table I with those determined
by other workers using ultrasonic techniques. Most of
the data compiled in Table I are those measured for
high-purity, denseβ-Si3N4 produced by hot pressing.
There is a general agreement between the present and
previous data where it exists.

The bulk modulus of Si3N4 has been the subject of
several experimental and theoretical investigations. An

TABLE I The ultrasonic wave velocities, adiabatic elastic-stiffness moduli and their hydrostatic-pressure derivatives, and the acoustic-mode
Grüneisen parameters of ceramicβ-Si3N4 at 295 K, in comparison with data taken from literature. The values quoted in brackets for (∂µ/∂P)P=0

andγS refer to the high-pressure region above 0.12 GPa

Description Present work Ref. [9] Ref. [5] Ref. [7] Ref. [8]

Densityρ (kgm−3) 3290± 10 3180 Fully dense 3154 99% dense
Longitudinal wave velocityVL (ms−1) 10971± 10
Shear wave velocityVS (ms−1) 6009± 10
Longitudinal modulusCL (GPa) 396± 2 330 383.6
Shear modulusµ (GPa) 119± 1 118 122± 1 126.1 128
Bulk modulusBs (GPa) 238± 2 234± 5 215.4
Young’s modulusE (GPa) 306± 3 290 312± 1 316.5 324
Poisson’s ratioσ 0.285± 0.002 0.220 0.280 0.255 0.269
Acoustic Debye temperature2D (K) 923± 5
(∂CL/∂P)P=0 4.5± 0.1
(∂µ/∂P)P=0 0.17± 0.02

(−0.08± 0.05)
(∂BS/∂P)P=0 4.3± 0.1
γL 1.18± 0.02
γS 0.005± 0.006

(−0.25± 0.05)
γ el 0.40± 0.03

extrapolation of ultrasonic velocity measurements on
Si3N4 with varying amounts of porosity andα/β ratios,
gave a bulk modulus of 234± 5 GPa for fully dense,
pureβ-Si3N4 [5]; the present results (Table I) are in
good agreement with this value. A high-pressure neu-
tron diffraction study up to 3 GPa of the compression of
β-Si3N4 yielded a bulk modulus of 256 GPa [3]. X-ray
diffraction measurements [15] onβ-Si3N4 under pres-
sure up to 34 GPa at room temperature gave the values
273± 14 GPa and 266± 1 GPa for the bulk modulus
by fitting the data to the Birch-Murnaghan equation of
state and a “universal” equation of state, respectively.
A value of 216 GPa has been estimated in the present
work for the bulk modulus using the single-crystal
elastic constants derived [16] from Young’s modulus
measurements ofβ-Si3N4 whisker-like grains by nano-
indentation technique. Considerable effort has been de-
voted to determination of the bulk modulus ofβ-Si3N4
from model calculations (for a recent overview see
Ref. [17]). For the sake of comparison, theoretical stud-
ies include: calculations using the orthogonalized lin-
ear combination of atomic orbitals (OLCAO) predicted
282 GPa for the bulk modulus [18], a method based on
Hartree-Fock theory [19] led to a value of 264 GPa,
a phenomenological model [20] based on short-range
pair potentials estimated a bulk modulus of 258 GPa,
neutron diffraction and inelastic scattering measure-
ments combined with molecular-dynamics calculations
gave a bulk modulus of 270 GPa [21],ab-initio total
energy calculations gave 270 GPa [17]; Cohen’s rela-
tionship [22] for bulk modulus as a function of nearest-
neighbour separation yielded 270 GPa. These results
obtained for the bulk modulus ofβ-Si3N4 are compara-
ble to (at most 18% larger than) that found in the present
ultrasonic study (Table I), and support the proposition
[3] that a high value of the bulk modulus of silicon
nitride is mainly due to its rigid framework structure.

The Young’s modulus of Si3N4 has also been inves-
tigated extensively using various experimental meth-
ods including ultrasonic velocity measurements [4–9,
23, 24], a strain gauge technique [25, 26], vibration
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Figure 4 Temperature dependences of the elastic moduli ofβ-Si3N4

ceramic (a)CL and µ, and (b) BS and E. The filled symbols cor-
respond to measurements made with decreasing temperature and the
open symbols to data as the temperature was increased. The gradients
(∂CL/∂T)P=0 (in units of GPa K−1) of the temperature dependence of
CL are−0.0099± 0.0002 and−0.0038± 0.0001 above and below the
knee at 235 K, respectively.

resonance methods [27–29], nano-indentation [16] and
depth sensing indentation [30] techniques. The poly-
crystalline Young’s moduli typically fall in the range
300–330 GPa, with the exact value depending on poros-
ity, intergranular phase content, texture, and the rela-
tive amounts ofα andβ phases present in the speci-
men. Only a small anisotropy in Young’s modulus has
been observed in hot-pressedβ-Si3N4 ceramic sam-
ples (see for instance Refs. [23, 24]). Nevertheless, Hay
et al. [16] found a significant anisotropy in Young’s
modulus of whisker-like grains ofβ-Si3N4.

The temperature dependences of the longitudinalCL
and shearµ elastic stiffnesses, bulk modulusBS and
Young’s modulusE are shown in Fig. 4. They were
obtained from the sample density and the velocities of
30 MHz ultrasonic waves propagated inβ-Si3N4 ce-
ramic sample as it was cooled from 295 K down to

about 150 K. Corrections on elastic moduli for sample
length and density changes are expected to be negli-
gible due to a small coefficient of thermal expansion
[31, 32] and have not been made. When the sample
was cycled between room temperature and 150 K, there
was no thermal hysteresis in the ultrasonic wave veloc-
ities and no irreversible effects. The longitudinal elastic
stiffness (Fig. 4a) increases with decreasing tempera-
ture and shows the unusual feature of a change in slope
at about 235 K where there is a knee. There is a soft-
ening below the knee. The longitudinal modulus does
not obey the conventional model [33] for vibrational
anharmonicity.

The shear elastic stiffnessµ shows even more un-
usual behaviour with temperature (Fig. 4a). It starts to
increase as the temperature is lowered from room tem-
perature but with a small gradient: (∂µ/∂T)P=0 is only
about 0.001 GPa K−1 at 270 K. With further decrease
in temperatureµ(T) levels off at around 250 K and in
a range centred on∼235 K the gradient of the elastic
stiffness versus temperature curve is almost zero. Then
below about 220 K the shear stiffness begins to decrease
at a rate which becomes progressively larger as the tem-
perature is reduced further, resulting in a relatively steep
positive gradient in the range 200–150 K. This soften-
ing of the shear acoustic phonons emphasised below
∼220 K implies incipient lattice instability at lower
temperatures. It has been reported [9] that the shear
stiffness of Si3N4 samples (with density 3180 kgm−3

and 3050 kgm−3) determined at∼625 K is a few percent
greater than the one derived from room temperature
measurements: this is also anomalous and is consistent
with mode softening.

This softening of the longitudinal and shear mod-
uli is reflected in the technological moduli. The bulk
modulusBS(=CL − 4µ/3) increases with decreasing
temperature and shows a knee arising from the acoustic
mode softening (Fig. 4b). The temperature dependence
of Young’s modulusE [=µ(3CL − 4µ)/(CL −µ)] ex-
hibits similar features to those observed in the shear
modulus (Fig. 4b). In its ceramic formβ-Si3N4 is not as
stiff at low temperatures as a theoretical lattice dynami-
cal model developed without including mode softening
would suggest. The acoustic mode softening indicates
incipient lattice instability. A natural speculation fol-
lows: is this the source of the fact that typicallyα- and
β-Si3N4 tend to be synthesised together?

The acoustic Debye temperature is exceptionally
high, in accord with the large elastic stiffness and
strong interatomic bonding; it has a value similar to
that of high-density Al2O3 ceramic [34], and is essen-
tially constant within the whole temperature range of
measurements. Poisson’s ratio increases slightly with
decreasing temperature.

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

The effects of hydrostatic pressure on ultrasonic wave
velocity inβ-Si3N4 ceramic are small, in particular on
the shear wave velocity (Fig. 5). The data for the pres-
sure dependence of the velocities of both longitudinal
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Figure 5 Hydrostatic-pressure dependence of the relative change in nat-
ural velocity measured at room temperature. The filled symbols corre-
spond to measurements made with increasing pressure and the open
symbols to data as the pressure was decreased. Different symbols re-
fer to data collected during different runs. The solid lines are for visual
guidance.

and shear ultrasonic waves are reproducible under pres-
sure cycling and show no measurable hysteresis effects.
This observation indicates that theβ-Si3N4 ceramic
does not alter under pressure cycling up to 0.2 GPa
and that there is no relaxation of any residual stress.
The velocity of the longitudinal ultrasonic waves in-
creases approximately linearly with pressure. This is
a normal behaviour: the long-wavelength longitudinal
acoustic-modes stiffen under pressure. However, the
behaviour under pressure of the velocity of shear ul-
trasonic waves is unlike that of the longitudinal mode.
Two regions can be defined: in the low-pressure region
up to 0.12 GPa, the shear wave velocity is practically
independent of pressure and hence the pressure gradi-
ent (∂WS/∂P)P=0 of the natural velocityWS is slightly
positive; in the high-pressure region above 0.12 GPa,
∂WS/∂P is negative, indicating shear acoustic-mode
softening (Fig. 5). Increasing pressure has generally
analogous effects on elastic stiffness to decreasing tem-
perature; thus the shear acoustic-mode softening ob-
served at low temperatures (Fig. 4a) may well be cor-
related to that found at high pressures: they may have
the same origin. By using a phenomenological model
to study the lattice dynamics ofβ-Si3N4, Mirgorodsky
et al. [20] predicted a lattice instability under high
pressure, namely, a pressure-induced softening of some
low-frequency vibrational modes originating from out-
of-plane motions of nitrogen atoms in silicon-nitrogen
triangles. The interatomic forces arising in the material
as a response to application of high pressure would al-
ter the atomic force-constants matrix and soften certain
vibrational modes of the lattice.

The hydrostatic-pressure derivatives (∂CIJ/∂P)P=0
of the elastic stiffnesses have been obtained from the

ultrasonic velocity measurements under pressure by us-
ing [35](
∂CIJ

∂P

)
P=0
= (CIJ)P=0

[
2(∂ f/∂P)

f
+ 1

3BT

]
P=0

, (2)

where BT is the isothermal bulk modulus,f is the
pulse-echo-overlap frequency at atmospheric pressure
and∂ f/∂P is its pressure derivative. The adiabatic bulk
modulusBS has been used rather thanBT throughout
the calculations, a procedure which introduces only a
negligible error. The hydrostatic-pressure derivatives
(∂CL/∂P)P=0 and (∂BS/∂P)P=0 determined for the
β-Si3N4 ceramic have positive, normal values (Table I).
Since the shear wave velocity data do not fit to a
single straight line (see Fig. 5), the average value
of (∂WS/∂P)P=0 has been used in the calculation of
(∂BS/∂P)P=0. In Table I there are two values quoted
for (∂µ/∂P)P=0, these relate to the low-pressure and
high-pressure (values in brackets) regions. The longi-
tudinal elastic stiffness and thus the slope of the corre-
sponding acoustic-mode dispersion curve, at the long-
wavelength limit, increase with pressure in the normal
way. The same is true for the shear mode at low pres-
sures. However, application of pressure to ceramic
β-Si3N4 induces shear acoustic-mode softening at
higher pressures as indicated by the small negative
value of∂µ/∂P in the high-pressure region.

It is instructive to compare the value obtained in
this work for (∂BS/∂P)P=0 of ceramicβ-Si3N4 with
those determined by other researchers using other meth-
ods. Li et al. [15] performed X-ray diffraction mea-
surements onβ-Si3N4 under pressure up to 34 GPa at
room temperature (295 K) and analyzed the data on
the pressure dependence of unit cell volume in terms
of the Birch-Murnaghan equation of state and a “uni-
versal” equation of state: the former yielded 3.8± 1.6
for the pressure derivative∂B/∂P of bulk modulus at
zero pressure and the latter gave 4.3± 2.1 for ∂B/∂P.
From ab-initio total energy calculations Chinget al.
[17] derived a value of 3.99 for the pressure depen-
dence of the bulk modulus ofβ-Si3N4. Considering
the fact that many factors such as porosity, microc-
racks, grain size and morphology, and secondary phases
at grain boundaries affect the elastic moduli of poly-
crystalline samples and their behaviour under pressure,
the value 4.3± 0.1 found for the pressure derivative
(∂BS/∂P)P=0 of the adiabatic bulk modulus of ceramic
β-Si3N4 in the present high-pressure ultrasonic study
is in good agreement with the results of these recent
high-pressure X-ray measurements [15] and theoreti-
cal calculations [17].

The measurements of the bulk modulus and its
hydrostatic-pressure derivative have been used to cal-
culate the volume compressionV(P)/V0 of ceramic
β-Si3N4 up to very-high pressures, using an extrapola-
tion method based on the Murnaghan’s equation of state
[36] in the logarithmic form. The calculation has been
performed at room temperature and results are shown
in Fig. 6. The comparatively small magnitude of the
volume compression for ceramicβ-Si3N4 is typical of
that for silicon nitrides, in which the rigid framework
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Figure 6 Volume compression ofβ-Si3N4 ceramic (full line) at room
temperature extrapolated to very high pressures, using Murnaghan’s
equation of state, in comparison with the neutron diffraction data (filled
squares) [3], X-ray diffraction data (filled circles) [15], SiC (dotted line)
[37], andα-quartz SiO2 (dash-dotted line) [36].

reduces the compressibility coefficients and hence
increases the bulk modulus [3, 15]. A comparison of the
volume compression of ceramicβ-Si3N4 determined in
this work with data taken from the literature [3, 15] and
with those ofα-quartz SiO2 [37], SiC [38] is also given
in Fig. 6. The remarkably incompressible behaviour
of β-Si3N4 is consistent with its basic structure com-
posed of irregular networks of SiN4 tetrahedra which
are unable to undergo cooperative reorientations. The
SiN4 tetrahedra are linked such that only distortions of
the tetrahedra are permitted, hindering angle and bond
length deformations. Neutron diffraction measure-
ments [3] showed no change in the Si-N bond length and
less than 2◦ change in the N-Si-N angle upon applying
pressures up to 3 GPa to theβ-Si3N4 crystal. This is in
contrast withα-quartz SiO2 in which the SiO4 tetrahe-
dra can easily undergo cooperative reorientations lead-
ing to a considerably larger compression (Fig. 6). High-
pressure X-ray measurements [15] established that the
a andc crystallographic lattice parameters ofβ-Si3N4
change at comparable rates with pressure (i.e., the lin-
ear compressibilities along thea- andc- directions are
identical), withc/a ratio remaining constant over the
compression region examined. Both the neutron [3]
and X-ray diffraction [15] experiments confirmed the
isotropic nature of the compression ofβ-Si3N4.

5. Grüneisen 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 Grüneisen parameters, which quantify the
volume or strain dependence of the lattice vibrational
frequencies. The dependence of the acoustic-mode fre-
quencyωp in a phonon branchp on volumeV can be
expressed as a mode Gr¨uneisen parameter

γp = −
[
∂(lnωp)

∂(ln V)

]
T

, (3)

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

γL = − 1

6CL

[
CL − 3BT

(
∂CL

∂P

)
p=0

]
(4)

and

γS = − 1

6µ

[
µ− 3BT

(
∂µ

∂P

)
p=0

]
(5)

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

γ el = 1

3
(γL + 2γs). (6)

This expression is strictly valid only at temperatures
which are comparable with the acoustic Debye tem-
perature. The results obtained forγL, γS and γ el of
ceramicβ-Si3N4 at room temperature are included in
Table I. BothγL andγ el are positive. The shear-mode
Grüneisen parameterγS is very small and positive in the
low-pressure region; however, it is negative in the high-
pressure region indicating shear acoustic-mode soften-
ing. Sinceβ-Si3N4 has such a high acoustic Debye tem-
perature2D(= 923± 5 K), longer wavelength acoustic
phonons can be expected to dominate properties de-
termined by vibrational anharmonicity even at room
temperature. Although the thermal Gr¨uneisen param-
eter γ th includes the effects of all phonons in the
Brillouin zone, contributions from optical phonons are
expected to be negligible at room temperature. Small
values for the acoustic-mode Gr¨uneisen parameters and
hence low vibrational anharmonicity are compatible
with the low thermal expansion ofβ-Si3N4. The ther-
mal Grüneisen parameterγ th (= 3αV BS/CP= 1.09)
has been obtained using the linear thermal expan-
sion coefficientα(= 4.0× 10−6K−1) and specific heat
CP(= 795 J kg−1 K−1) data for β-Si3N4 quoted in
Ref. [32]. Shear modes have a higher population density
than the longitudinal modes. The shear acoustic-mode
Grüneisen parameterγS (= 0.005, at low pressures)
is much smaller than the longitudinal acoustic-mode
Grüneisen parameterγL(= 1.18); this and their higher
density accounts for the low thermal Gr¨uneisen param-
eterγ th estimated for this ceramic. Thus the higher pop-
ulation density of shear phonons at room temperature
enhances their contribution to thermal expansion and
specific heat-lowering the thermal expansion and hence
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the thermal Gr¨uneisen parameter. In addition, both the
anomalous temperature and pressure dependences of
the shear elastic stiffness indicate incipient lattice shear
instability. The low anharmonicity of long-wavelength
acoustic modes ofβ-Si3N4 as quantified by the rela-
tively small value ofγ el, which in part is due to the
soft shear modes, is compatible with the small thermal
expansion.

6. Conclusions
The velocities of longitudinal and shear 30 MHz ultra-
sonic waves propagated in ceramicβ-Si3N4 have been
measured as functions of temperature and hydrostatic
pressure. There are several interesting features to note,
which shed light on the elastic, nonlinear acoustic and
lattice dynamical properties of this ceramic. They can
be summarised as follows:

1. The ceramicβ-Si3N4 is a comparatively stiff ma-
terial elastically. Its volume-dependent elastic stiffness
CL and the bulk modulusBS are large. The bulk modu-
lus ofβ-Si3N4 is determined mainly by the rigid frame-
work structure.

2. The temperature dependence of the longitudinal
elastic stiffness shows a decrease in slope at about
235 K, which indicates acoustic mode softening. The
shear elastic stiffness shows pronounced lattice shear
softening in the temperature range below about 220 K
at atmospheric pressure. The mode softening affects the
bulk and Young’s moduli. Although ceramicβ-Si3N4
is a stiff material, nevertheless it is not quite as stiff,
at low temperatures, as a theoretical lattice dynami-
cal model developed without including mode softening
would suggest.

3. The hydrostatic-pressure derivatives of the lon-
gitudinal elastic stiffness and bulk modulus have posi-
tive, normal values. However, the value obtained for the
hydrostatic-pressure derivative of shear elastic stiffness
is very small and positive in the low-pressure range, and
becomes negative in the pressure range above 0.12 GPa
indicating that application of hydrostatic pressure in-
duces shear acoustic-mode softening.

4. The long-wavelength longitudinal and the mean
acoustic-mode Gr¨uneisen parameters are positive,
whereas that for shear mode is slightly negative in the
high-pressure range due to shear acoustic-mode soft-
ening. The thermal properties ofβ-Si3N4 are in accord
with the low acoustic-mode vibrational anharmonicity.
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