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3. Experimental Procedure

3.1 Young’s Modulus and Vibration Damping at Elevated
Temperature

Dynamic elastic modulus, E,and vibration damping, Q−1, were
measured at 162 kHz using the PUCOT. The PUCOT assembly
(Fig. 1) consisted of two a-quartz piezoelectric crystals designed
to vibrate in the longitudinal mode by application of an alternat-
ing voltage to the drive crystal, D. A fused quartz spacer rod, Q,
was attached to the bottom of the gauge crystal, and this arrange-
ment was used to tune the rod for use at a specific temperature. The
free end of the rod was placed into a furnace, and the temperature
was increased until the period of the drive-gauge rod system was
the same as that for the drive-gauge only arrangement. By placing
the specimen, S,on the end of the tuned rod, the effect of the spec-
imen on the resonant period of the system was similar to that upon
the drive-gauge only. The resonant period and the output voltage
were measured via the voltage produced by the gauge crystal. Due
to thermal expansion effects, the length, L, of the specimen was
reduced as needed with increasing temperature until the drive-
gauge-rod-specimen period, τDGQS, was within 5% of the drive-
gauge period, τDG, meaning conditions were close to ideal
resonance. The elastic modulus of the specimen was calculated
using the following equation:

(Eq 1)

where ρ is the density and τs is the period of the specimen. Vari-
ation of the value of the gauge voltage, Vg, provided a range of
strain amplitudes. This allowed the investigation of the vibration
damping, Q−1, characteristics of the specimen as a function of
strain amplitude. The damping was obtained using

(Eq 2)

where N is the transformer ratio for quartz, ms is the specimen
mass, Cm is the capacitance of the gauge circuit, Vd is the voltage
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1. Introduction

1.1 Interest in MoSi 2–30%Si3N4 and Applications

Molybdenum disilicide (MoSi2) is an intermetallic compound
that is promising as a structural material for aerospace applications
due to a high melting point (2030 °C), excellent high-temperature
oxidation resistance, relatively low density (∼ 6.2 g/cm3), high
thermal conductivity, and good machinability. Silicon nitride
(Si3N4) is a ceramic that, when added to MoSi2 in particulate form,
significantly increases the low-temperature oxidation resistance of
the material.[1,2]

1.2 Objective

This study was concerned with the measurement of Young’s
modulus and the vibration damping characteristics of MoSi2−
30%Si3N4 with increasing temperature. Young’s modulus and
vibration damping were measured using the piezoelectric ultra-
sonic composite oscillator technique (PUCOT). Elastic modulus
and vibration damping are both important design parameters for
applications of materials.

2. Materials

Samples of MoSi2−30%Si3N4 measuring 3 by 5 by 25 mm
were used. The MoSi2−30%Si3N4 was chosen due to its resist-
ance to low-temperature oxidation, also known as pesting. Con-
solidation of the MoSi2 and Si3N4 powders was done by vacuum
hot pressing. Full density was then achieved by hot isostatic
pressing.[2]
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types of phases seen in Fig. 2 are listed in Table 1. The mean
hardness values for the dark, ceramic dominant areas were
higher than those for the lighter, intermetallic regions. It is also
apparent that the dark regions had a higher standard deviation
than the light regions. This was due to the dispersion of fine
MoSi2 particles within the Si3N4. The light regions were consol-
idated phases of intermetallic, while the dark regions were a
variable combination of intermetallic and ceramic particles. Par-
ticle sizes varied from 1 to greater than 20 µm.

Table 2 summarizes Young’s modulus measurements with
respect to temperature. These data are also plotted in Fig. 3.
Table 3 lists the measured values of mechanical damping over
the same temperature range, and Fig. 4 is a plot of the damping
versus inverse temperature.

At room temperature, MoSi2−30%SiN4 displayed an elastic
modulus of 290 GPa, which did not correspond with the value
of 360 GPa estimated from the rule of mixtures using values for
hot isostatically pressed Si3N4. Porosity was not accounted for
in the estimations and may help to explain some of the differ-
ence. From Fig. 3, (1/E0)(dE/dT) = −1.01 × 10−4 K−1. For ce-
ramics, this value is near 1 × 10−4 K−1, while for metals, it ranges
between 4 × 10−4 K−1 and 14 × 10−4 K−1.[6,7]

The slope of the curve in Fig. 4 is notably different for the room
temperature to 240 °C temperature range than it is for temperatures

Table 1 Vickers microhardness 200 g/10s

Specimen

As-received HV Heat-treated HV

Light phase Dark phase Light phase Dark phase

766.2 941.2 732.6 873.9
719.7 1083.6 745.8 869.7
759.3 1011.3 806.0 995.6
769.7 845.0 853.1 980.3
759.3 817.4 759.3 904.4

Mean 754.8 939.7 779.4 924.8
Standard deviation 20.15 111.5 49.7 59.4

Fig. 2 Microstructure of the specimens (a) as received and (b) heated to 865 °C

of the drive crystal, and Vg is the voltage of the gauge crystal.
Other details of the PUCOT are given elsewhere.[3,4,5]

3.2 Metallographic Examination

Small sections were taken from two different specimens. One
section represented the material as it was received, and the other
specimen represented the material after experiencing 30 min of
exposure to a temperature of 865 °C. Figure 2 shows the optical
images taken of specimens at a high magnification. The white
particles are composed of intermetallic MoSi2, and the black area
is the ceramic Si3N4.

4. Results and Discussion

Microhardness measurements were performed using a Vick-
ers hardness machine. The Vickers hardness numbers for the two

Fig. 1 High-temperature PUCOT setup
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Table 2 Dynamic Young’s modulus versus temperature

Temperature, °C E, MoSi2−30%Si3N4, GPa

21 289.8
240 291.3
340 288.1
450 285.8
595 287.0
800 262.4
865 264.2
970 269.8

Overall change, dE/dT −0.030

Table 3 Damping versus temperature

Temperature, °C Average Q−1, MoSi2−30Si3N4

21 2.63 × 10−4

240 4.08 × 10−4

340 7.87 × 10−5

450 2.11 × 10−4

595 4.56 × 10−4

800 6.33 × 10−4

865 8.44 × 10−4

970 4.61 × 10−3

Fig. 4 Damping vs inverse temperature

Fig. 3 Dynamic Young’s modulus vs temperature
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between 340 and 970 °C. The first two data points resulted in an
activation energy of 0.0275 eV/atom, which is close to value for
background thermal energy, kT,where k is Boltzmann’s constant.
The remaining data indicate an activation energy on the order of
0.289 eV/atom—over ten times higher. Taken all together, the 
effective activation energy was 0.0762 eV/atom. Diffusion data
on MoSi2 are scarce, so it is difficult to check the validity of the
measured activation energies. In general, though, these activa-
tion energies were low for ceramics. For example, the activation
energy for the diffusion of carbon in SiC is near 8 eV/atom.[8]

Mechanical damping values were approximately independent of
strain amplitude in MoSi2−30%Si3N4, as seen in Fig. 5.

5. Conclusions

The following conclusions can be drawn.
The microstructure of MoSi2−30%Si3N4 consisted of varying

particle sizes. Particles ranged in size from about 1 µm to greater
than 20 µm. The Si3N4 formed a matrix around the MoSi2 parti-
cles. The microhardness of the material depended on the size and
concentration of MoSi2 particles in the region.

The elastic modulus of MoSi2−30%Si3N4 decreased from 289.8
GPa at room temperature to around 269 GPa at 970 °C. Linear re-
gression exhibited a slope, dE/dT,of −0.03 GPa/K. The normal-

ized modulus, E0
−1 × dE/dT,was found to be −1.01 × 10−4 K−1.

This was in excellent agreement with the approximate value of
normalized modulus for ceramics, which is −1 × 10−4 K−1.

Damping in MoSi2−30%Si3N4 was observed to increase
with increasing temperature. Average damping at room tem-
perature was 2.6 × 10−4, while at 970 °C, it was 4.6 × 10−3.
While two distinct regimes were noted in the plot of damping
versus inverse temperature, the overall average effective acti-
vation energy was found to be 0.0762 eV/atom.
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Fig. 5 Damping vs strain amplitude


