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Application of an ultrasonic technique

to creep cavitation in silicon nitride
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A non-destructive method based on measurements of ultrasonic wave velocities and
Young’s modulus is proposed for quantification of creep cavitation in silicon nitride. Tensile
creep tests of silicon nitride were conducted at 1400◦C in air and the tests were periodically
interrupted to measure the longitudinal and transverse ultrasonic wave velocities and
Young’s modulus. The velocities and Young’s modulus decreased linearly with tensile creep
strain. The volume fraction of cavities was estimated from the values of the ultrasonic wave
velocities and Young’s modulus, and compared with the cavity volume predicted from
tensile creep strain. The dependence of Young’s modulus on volume fraction of cavities is
discussed. C© 2001 Kluwer Academic Publishers

1. Introduction
Silicon nitride is a prime candidate for structural com-
ponents used at elevated temperatures in applications
such as advanced gas turbines with higher efficiency
and lower pollutant emission levels [1, 2]. One of the
principal limitations for such applications is, however,
reliable prediction of their lifetime. Failure at ele-
vated temperatures usually occurs via subcritical crack
growth or creep rupture mechanisms [3]. In the former
case, time-to-failure is predicted from the crack veloc-
ity and inert strength. In the latter case, the lifetime is
often predicted using empirical relationships describ-
ing creep rupture [4–7]. For example, the Larson-Miller
method [8] predicts the lifetime based on the data ob-
tained at different stresses and temperatures, and the
creep rupture prediction using the Monkman-Grant re-
lation [9] is based on the minimum strain rates. Another
method to estimate the lifetime is to use a stress-rupture
diagram. However, the conditions in the actual applica-
tions are not constant and measuring strains on turbine
rotors during operation is unrealistic. In addition, a non-
linear relationship between stress and time-to-failure
has been observed in creep rupture diagrams in silicon
nitrides at high temperatures [6, 7]. In this case, the pre-
diction of long-term lifetime based on a limited number
of short-term tests is ambiguous. This indicates that bet-
ter understanding of the underlying physical processes
occurring during deformation is necessary to ensure the
reliability of the lifetime prediction.

It is well known that creep deformation in ceramics
can occur by several mechanisms such as diffusion, vis-
cous flow and solution-precipitation, and that creep rup-

ture is related to the accumulation of cavities. However,
the major deformation mechanism during tensile creep
in vitreous-bonded silicon nitride is also cavitation [10–
19]. Lofaj et al. suggested that cavitation fully con-
tributes to tensile strain and found that cavitation strain
produces more than 90% of the total elongation [13].
Creep asymmetry, which is typical for vitreous-bonded
ceramics, is a consequence of different contribution of
cavities to tensile and compressive creep strain [13]. A
recent creep model by Luecke and Wiederhorn [14],
which is based on the cavitation mechanism, explains
an exponential increase in creep rates at high stresses.
Predictions by this model agree with the creep data in
different grades of silicon nitrides [17–19]. Since the
model implies that cavitation is the dominant tensile
creep mechanism in silicon nitride and similar granular
materials, monitoring the density of cavities would pro-
vide important information about creep damage accu-
mulation and eventually contribute to the development
of a more reliable life prediction method.

Because cavitation is equivalent to porosity in terms
of density change, changes in density-sensitive param-
eters, such as ultrasonic wave velocity and Young’s
modulus, should be an effective means for quantifying
the evolution of cavitation. The objective of the present
paper is to explore the possibility of a nondestructive ul-
trasonic wave velocity method to characterize the creep
damage evolution in silicon nitride.

2. Experimental procedure
Commercially available self-reinforced silicon nitride
designated as SN88M (NGK Insulators, Ltd., Nagoya,
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Figure 1 Geometry of a specimen used in the interrupted tensile creep
test. Ultrasonic wave velocity was measured in the axial direction (along
the specimen length) and across the width of the gage.

Japan) was used in the present study. The microstruc-
ture of this material has a typical bimodal grain size dis-
tribution with a small number of large elongated grains
of β- Si3N4 (diameter 5–10µm, length 50–80µm)
randomly distributed in a fine grained (diameter 0.5–
0.8µm) β- Si3N4 matrix.

Fig. 1 shows a dog-bone specimen used for tensile
creep tests. The gage length of the specimen is 40 mm
and it has a rectangular cross section of 4.0 mm×
6.0 mm. Creep experiments were conducted in HT 300
testing machines (Toshin Industrial Co., Ltd., Tokyo,
Japan) with a lever arm, dead weight loading system
and hot grips with four pins. Creep deformation was
measured with two linear variable differential trans-
ducers (LVDT) located outside of the furnace. The tests
were carried out in air at 1400◦C under a tensile stress of
140 MPa and periodically interrupted after 30 h or 40 h.

The velocities of the longitudinal and transverse ul-
trasonic waves were measured using a pulse-echo tech-
nique with a pulser/receiver operating at 200 MHz
(Model 5900 PR, Panametrics). Magnetostrictive trans-
ducers of 20 MHz and 10 MHz were used for mea-
suring the velocities of the longitudinal and transverse
waves, respectively. Silicon oil and water based cou-
plings were used between the specimen and the corre-
sponding transducer. Using a digital oscilloscope, time
intervals between the echoes of the primary signal were
measured. The measurements were conducted in the di-
rections parallel and perpendicular to tensile loads for
the as-received specimen and after each increment of
strain. The former corresponds to the direction along
the gage length and the latter to the direction across
the width of the specimen (see Fig. 1). The velocities
of both types of ultrasonic waves were calculated from
the time intervals and corresponding length (∼70 mm)
and width (6 mm) of the specimen measured with a
digital micrometer with an accuracy of±2µm.

Young’s moduli were measured at room temperature
using four or eight strain gages and gradual loading
up to 140 MPa in the as-received state and after each
interruption. Strain gages were glued on each face of
the specimen at the middle or both ends of the gage
(see Fig. 1). This procedure was simultaneously used
for control of alignment and adjustment of the loading
train.

3. Results and discussion
Fig. 2 shows a creep curve characterizing the ten-
sile creep behavior of SN88M at 1400◦C in air under

Figure 2 Tensile creep curve of SN 88M at 1400◦C in air under a tensile
stress of 140 MPa.

a stress of 140 MPa. After loading, the creep strain
gradually increases approximately at a creep rate of
2.8× 10−8 s−1 after exhibiting a transient creep region
of initial 20 hours. The stress dependence of the creep
rates and lifetime as well as the details of the creep dam-
age were described elsewhere [7, 12, 13, 15, 16, 18–20].

Fig. 3a and b show the relative ultrasonic wave ve-
locity changes in longitudinal and transverse waves as
a function of creep time in the axial direction parallel to
the stress. The relative ultrasonic wave velocity change
may be defined as

1v

v0
= (v0− v)

v0

wherev0 is an initial ultrasonic wave velocity measured
before the creep test and used as a reference. This corre-
sponds to the as-received (cavity-free) specimen. The
relative ultrasonic velocities both in longitudinal and
transverse waves decrease with creep time. In Fig. 3c
and d, the relative velocity changes in the transverse
direction perpendicular to the stress are shown. The ul-
trasonic wave velocities similarly decrease with creep
time or strain. Note that the decrease in the velocity
of the longitudinal wave is more significant than that
of the transverse wave and that the relative changes
in the velocity values are smaller in the axial direc-
tion than across the width of the specimen. In addition,
the scatter in the data measured in the axial direction
is greater. The corresponding reliability factors of the
least square fits are also smaller in the axial direction
despite greater relative errors in the length measure-
ments. This seems to result from the fact that the data
in the axial direction are an average of the velocities in
the gage and two gripping parts, which are more dense,
whereas the data obtained in the transverse direction
correspond only to the velocities in the gage section.
As a result, the transverse direction is preferable with
regard to the specimen’s properties and reliability of
the data and the velocity measurement of the longitu-
dinal wave is slightly more effective than that of the
transverse waves.

Fig. 4 shows the changes in Young’s modulus dur-
ing the creep test. The values were calculated from
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Figure 3 Dependence of the relative ultrasonic velocity change on creep
strain: (a) the longitudinal wave velocity in the axial direction, (b) the
traverse wave velocity in the axial direction, (c) the longitudinal wave
velocity across the width of the gage and (d) the traverse wave velocity
across the width of the gage.

TABLE I Summary of ultrasonic wave velocity and Young’s modulus
changes during tensile creep in SN88M silicon nitride

Creep time Creep strain vl vt E
(h) (%) (m/s) (m/s) (GPa)

0 0.00 10412 (10320) 5840 (5791) 294± 10
30 0.48 10410 (10268) 5836 (5753) 292± 9
60 0.68 10342 (10260) 5838 (5766) —
90 1.02 10328 (10237) 5821 (5754) 289± 19

120 1.36 10312 (10240) 5812 (5764) 283± 12
150 1.75 10277 (10232) 5811 (5753) —
190 2.11 10202 (10197) 5789 (5732) 280± 24
240 2.55 10176 (10150) 5743 (5723) 279± 17

∗The ultrasonic wave velocities shown here were measured across the
width of the specimen. The values in the axial direction are shown in
brackets.

Figure 4 Time dependence of Young’s modulus during interrupted creep
tests obtained from the stress-strain data from strain gages during loading
at room temperature.

strain gage data taken during interrupted tests. The ini-
tial value of Young’s modulus in the specimen prior to
testing is 295± 10 GPa. The value decreases gradually
with creep damage and reaches 279± 17 GPa when a
strain of 3.17% has been accumulated after creep for
240 hours.

Table I summarizes creep strain, Young’s modulus
and the corresponding ultrasonic wave velocity data.
The values of ultrasonic wave velocities in the trans-
verse direction are also listed and the values corre-
sponding to the axial direction are given in brackets.
This is because the velocity measurements are more
reliable when they are conducted in the transverse di-
rection.

It is well known that Young’s modulus may be deter-
mined from ultrasonic wave velocities and the density
of the material. The density,ρ, may be defined as [21]

ρ = E
(
v2

l − v2
t

)/(
3v2

l v
2
t − 4v4

t

)
(1)

where E is Young’s modulus, andvl and vt are the
velocities of the longitudinal and transverse waves, re-
spectively. This equation enables us to calculate the
density corresponding to each increment of creep strain
when Young’s modulus and ultrasonic wave velocities
are known.
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According to the cavitation creep model, the relative
change in density during creep, (ρ0− ρ)/ρ0, is equal to
the volume fraction of cavities,fv,

fv = (ρ0− ρ)

ρ0
(2)

whereρ0 is the density of the material prior to test-
ing. Note that the volume fraction of cavities is some-
what smaller than the porosity because this expres-
sion ignores the influence of the initial porosity in the
as-received material and possible changes in the mi-
crostructure due to heat treatment. Using the ultrasonic
wave velocity and Young’s modulus data (see Table I),
the volume fraction of cavities is calculated accord-
ing to Equation 2 and plotted as a function of strain in
Fig. 5. Lofajet al. proposed another method to estimate
the volume fraction of cavities in this grade of silicon
nitride, based on a linear relationship existing between
the volume fraction of cavities and tensile strain,ε, [13]

fv = kε (3)

wherek is the coefficient of proportionality. Values of
k are in the range 0.92 to 0.95 and this suggests that
cavitation is responsible for more than 90% of tensile
strain [13]. Thus, the volume fraction of cavities can
be simply estimated from the axial strain. Fig. 5 shows
the volume fraction of cavities calculated from Equa-
tion 2, assumingk= 0.90. It can be seen that the two
functions overlap in spite of the relatively large scatter
in the ultrasonic wave velocity based data. This gives
additional confirmation that the cavitation mechanism
is responsible for creep deformation. It should be noted
that the large scatter infv using ultrasonic wave velocity
based data is due to accumulated errors in calculating
the density in accordance with Equation 1.

Fig. 6a and b show the dependence of the relative
velocities of the longitudinal and transverse waves, cal-
culated from the measurements in the transverse direc-
tion, on the volume fraction of cavities according to
Equation 3. It is seen that ultrasonic wave velocities
decrease linearly with the volume fraction of cavities.
The corresponding coefficients of proportionality for

Figure 5 A comparison of the volume fraction of cavities during creep in
silicon nitride calculated according to Equations 2 and 3. Closed circles
denote the values calculated from Equation 2 and the solid line indicates
the values calculated from Equation 3.

(a)

(b)

Figure 6 The relationship between volume fraction of cavities and ul-
trasonic velocity of (a) longitudinal waves and (b) transverse waves.

the longitudinal and transverse waves are 1.04 and 0.66,
respectively. The higher coefficient for the longitudinal
waves indicates that the longitudinal waves are slightly
more effective than transverse waves for monitoring
creep damage during tensile creep.

The physical meaning of the decrease in ultrasonic
wave velocities of porous solids is usually described in
terms of the interaction of the ultrasonic wave front with
the pores. Therefore, the wave velocity of a porous body
is analyzed, based on the concept of ultrasonic waves
propagating around the pore. Hurstet al. analyzed the
velocity of ultrasonic wave propagating along a cylin-
drical hole and reported that the velocity decreases with
a decrease in the radius of the hole [22]. Ying [23] mea-
sured the velocities around a cylindrical hole in a glass
plate and reported that the relative velocities of the lon-
gitudinal and transverse waves to a fully dense solid are
0.96 and 0.86, respectively. Based on an analysis incor-
porating the arrival probabilities of ultrasonic waves,
Takatsuboet al. expanded on this idea and proposed
a model in which the incident wave interacts with the
pore and is deflected around the pore surface [24]. This
causes a delay in the propagation time, and the velocity
of the longitudinal waves,vl , is given by [24]

vl

vl0
= {1+ 3p(πs/q − 2)/8}−1,

wherep is porosity,q= vc/vp, s= lp/(2πr ), vc is the
effective ultrasonic wave velocity around the pore,vl0
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is the velocity of the longitudinal wave in a fully dense
solid, r is the radius of the pore, andlp is the circum-
ference of the pore. In the case of low porosity, this
relationship may be simplified to

vl

vl0
= 1− cp (4)

The value of the coefficientc can be determined from
the original relationship for longitudinal waves. In the
case of spherical voids and ratiovc/vl0= 0.96 [23], the
theoretical value ofc is approximately 0.48. This is
considerably smaller than the value measured in the
current work. A comparison with the literature data
also indicates even larger differences compared with
the theoretical value. For example, Panakkal [25] ana-
lyzed the ultrasonic velocity data of sintered uranium
dioxide in the pore volume fraction range of 0–0.28
and reportedc= 1.35. Kumaret al. [26] summarized
thec values from previous work and reportedc= 0.75
for alumina andc= 0.83 for α-SiC. This is possibly
because the theory assumes only spherical cavities in
two dimensions while the experimental values reflect a
large variety of pore shapes and distributions.

It is well known that Young’s modulus also decreases
with an increase in porosity. This dependence has been
investigated over wide range of porosity by numerous
authors and several types of relationships have been
proposed [27–31]. However, for a porosity (or volume
fraction of cavities) below 3%, all the relationships can
be simplified to a linear dependence. As a result, the
porosity dependence of Young’s modulus within the
range of porosity studied can be described as

E

E0
= 1− bp (5)

whereE0 is Young’s modulus of a pore-free material
and b is a coefficient describing the porosity depen-
dence.

Fig. 7 shows the dependence of Young’s modulus on
the volume fraction of cavities, according to Equation 3.
The data follow a linear relationship in agreement with
Equation 5 and least square fitting leads tob= 2.44,

Figure 7 Dependence of Young’s modulus on the volume fraction of
cavities.

where p is replaced byfv in the expression. This co-
efficient is consistent with the earlier data obtained in
different silicon nitride ceramics [27, 28]. For example,
Phaniet al. [27] reportedb= 1.74 for sintered silicon
nitrides with porosity in the range of 0 to 26%. Datta
et al. [28], who analyzed 156 sets of literature data and
their own experiments on silicon nitride, reported co-
efficients in the range of 2.00 to 3.03 for porosities up
to 38%. In addition, Fate investigated the density de-
pendence of the shear modulus in silicon nitride by a
similar pulse echo technique and obtained a value ofb
close to 2.0 [29].

The degradation of Young’s modulus and ultrasonic
wave velocity reduction obtained in current work on a
limited number of specimens during creep provide sim-
ilar coefficients to considerably larger sets of data from
sintered materials. This emphasizes the importance of
the ultrasonic wave velocity technique because it is a
highly sensitive and very simple method for reliable and
nondestructive detection of cavity accumulation during
creep in silicon nitride ceramics.

4. Summary
The ultrasonic wave velocity technique was proven
to be a suitable technique for the study and evalua-
tion of cavitation during tensile creep in silicon nitride.
Measurements of the velocities of the longitudinal and
transverse ultrasonic waves were conducted during in-
terrupted creep tests by a pulse-echo technique and it
was revealed that their linear decrease is proportional
to the strain and volume fraction of cavities. A combi-
nation of these data with independent measurements of
Young’s modulus confirmed the close correlation be-
tween tensile strain and the volume fraction of cavities
and revealed that cavities are fully responsible for ten-
sile strain in silicon nitride ceramics.
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