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The dynamic Young’s modulus and the strain amplitude dependence of damping, at room
temperature as well as at elevated temperatures, were determined for reaction-formed SiC
(RFSC) ceramics, and the results are compared with those for other SiC materials. The
method used was the piezoelectric ultrasonic composite oscillator technique (PUCOT). Five
specimens were studied: NC 203 (a commercially produced SiC by Norton, Co.); RFSC
No. 1 and RFSC No. 2 (each containing residual Si); RFSC No. 3 and RFSC No. 4 (both
containing residual Si and MoSi,). Metallographic observations showed that the
microstructure of the RFSC is essentially isotropic with a uniform distribution of phases. The
“rule of mixtures” calculations cannot be used to predict accurately the elastic modulus of
the RFSC, but they can be used to predict the density to within 5%. It was determined that for
the RFSC, the dynamic Young’s modulus decreases as temperature increases, in a manner
similar to that for other SiC materials. It was also found that the damping of the RFSC is
generally independent of strain amplitude and is weakly affected by temperature. The
activation energy was determined for the change in damping with change in temperature of

RFSC No. 2 and RFSC No. 3.

1. Introduction

In recent years, there has been an increasing demand
for high temperature ceramics and composite materi-
als for high temperature structural applications. Sili-
con carbide-based ceramics and composites have at-
tracted a great deal of attention due to their good
strength and toughness, good creep and oxidation
resistance, and high thermal conductivity [1-7]. The
potential applications of these materials include com-
ponents for advanced propulsion systems, heat
exchanger and land-based turbines, automotive, and
nuclear industries. Reaction-formed silicon carbide-
based (RFSC) materials have many advantages over
other silicon carbide materials produced by other
techniques, i.e. hot pressing, hot isostatic pressing and
sintering. Net shape or near-net shape components
with complex shapes can be fabricated by the reaction
forming technique. In addition, this process is capable
of producing materials with tailorable microstructure
and composition [4-7].

This work is part of continuing programs to deter-
mine the effect of various second phase constituents
on the Young’s modulus (elastic) and damping
(anelastic) characteristics of RFSC materials. This
study is limited to the silicon carbide materials with
silicon and molybdenum disilicide as the second
phases. The Young’s modulus and damping charact-
eristics of these materials have been measured as
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a function of temperature and compared with those of
commercial silicon carbides.

2. Materials

RFSC materials used in the present study have been
made by the reactive infiltration of a microporous
carbon pre-form with molten silicon or a silicon—moly-
bdenum alloy [4-7]. The final products are silicon
carbide with some residual silicon or silicon carbide
with molybdenum disilicide and silicon phases, with
amounts depending on the alloy composition. The
reactive infiltration can lead to complete conversion of
carbon to a fully dense silicon carbide. However, in
actual experimental conditions it is quite possible to
have some residual free carbon and a little porosity in
the final material. The presence of molybdenum disi-
licide in the final material has certain advantages. 1t
has the brittle-to-ductile transition at temperatures ca.
1000°C and this phenomenon allows it to act as
a dispersed ductile phase at high temperatures.

Five different samples of SiC with various phases
were investigated. The first specimen was NC 203,
a commercially produced SiC manufactured by Nor-
ton, Co. This specimen contained no reinforcing
phases. The other four specimens were reaction formed
with different infiltrant compositions. Table I shows the
identification of each specimen, the composition of the
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TABLE I Volume fraction of reinforcing phases present in the RFSC, resulting from various infiltrants [4]

Specimen Infiltrant Volume fraction SiC Volume fraction MoSi, Volume fraction Si
NC 203 1

RFSC No. 1 Si 0.857 0.143

REFSC No. 2 Si 0.857 0.143

RFSC No. 3 Si-1.7 at % Mo 0.857 0.033 0.110

REFSC No. 4 Si-3.2 at % Mo 0.857 0.062 0.081

infiltrant and the approximate volume fractions of the
residual phases.

3. Experimental procedure

The details of the specimen fabrication have been
described elsewhere [4-7]. For metallographic stud-
ies, samples were cross-sectioned and polished. Speci-
mens used for the Young’s modulus and damping
measurements were 50 mm long, 4 mm wide and
3mm thick. Measurements of dynamic Young’s
modulus (E) and damping (Q ') were conducted on
each specimen using the piezoelectric ultrasonic com-
posite oscillator technique (PUCOT) [8, 9] operating
at a frequency of 120 kHz at temperatures ranging
from room temperature to 622°C. The changes in
length and density of the specimen were taken into
account for the high temperature analysis using the
coefficient of thermal expansion for SiC [10].

4. Results and discussion
4.1. Microstructural observations
The micrographs of each specimen reveal that the
microstructure was essentially isotropic. The phases
were evenly distributed across the field of observation,
and it was seen that both the longitudinal and trans-
verse views were highly similar. Fig. 1 shows the op-
tical micrograph of NC 203. From this micrograph, it
can be seen that the microstructure is very uniform.
The grey area, comprising the majority of the view, is
SiC. The black areas are voids, and the white areas are
sintering aids.

Figs 2 and 3 show the microstructures of RFSC No.
1 and RFSC No. 2. From these micrographs, it can be
seen that the microstructure is uniform with very little
porosity. The grey areas are SiC, while the white areas
are Si, and the black areas are residual carbon. The
phases in Fig. 3 are the same as those in Fig. 2, but the
Si distribution is coarser. Figs 4 and 5 show the micro-
structures of RFSC No. 4 and RFSC No. 5. The grey
areas in the micrographs are SiC, the white areas are
Si, the dark brown/light brown areas are MoSi,, and
the black areas are residual carbon. The phases are
evenly distributed throughout the sample, i.e. they are
not concentrated around grain boundaries, or ar-
ranged as reinforcing “stringers”. Fig. 5 shows
a microstructure similar to that for RFSC No. 3, but
there is more MoSi, present.

4.2. Comparison of properties at room
temperature to ROM estimations

From Table II a comparison of the experimentally

determined values of dynamic Young’s modulus and

Figure 1 Optical micrograph of NC 203 (the grey area, comprising
the majority of the view, is SiC; the black areas are voids, and the
white areas are sintering aids).

Figure 2 Optical micrographs of Si-infiltrated RFSC (the grey areas
are SiC, the white areas are Si, and the black areas are residual
carbon).

Figure 3 As Fig. 2 but the Si distribution is coarser.
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density can be made with the “rule of mixtures (ROM)”
estimations at room temperature for each specimen,
calculated using published values for densities and
Young’s moduli [11-13].

From this comparison, it can be seen that there is
a relatively high percentage difference for the elastic
moduli in the reaction-formed specimens. The reason
for this, in part, is that when the ROM calculations
were made, it was assumed that the materials exhibi-
ted zero porosity, i.e. 100% theoretical density. There
is also some uncertainty in the volume fractions of
each phase, and the reactions governing the formation

Figure 4 Optical micrograph of Si—-Mo-infiltrated RFSC No. 4 (the
grey areas are SiC, the white areas are Si, the dark brown/light
brown areas are MoSi,, and the black areas are residual carbon; the
phases are evenly distributed throughout the sample, ie. they are
not concentrated around grain boundaries, or arranged as reinforc-
ing “stringers”).

Figure 5 As Fig. 4 of RFSC No. 5.

of each phase may not have carried on to completion.
In addition, there is also some uncertainty since the
bonding characteristics at the interface between
phases are not known. Lastly, the modulus values
used in the ROM calculations were obtained from
published data. These modulus values may not reflect
the actual modulus values of each phase in the mate-
rial. Due to all the uncertainty, the ROM calculations
can only be used to find a rough figure for the
modulus range of RFSC. Regarding the ROM calcu-
lations for density, the percentage differences between
the measured values of density and the ROM values
are < 5% for four of the materials studied. However,
for RFSC No. 4 the difference is somewhat higher,
12.1%. Some unreacted carbon might be responsible
for the low value of measured density in this specimen.
Thus, generally the ROM calculations for density can
be used to find a fairly precise value for the density of
RFSC.

4.3. Temperature dependency of the
dynamic elastic modulus of RFSC
From Fig. 6 it can be seen that the dynamic Young'’s
modulus of all samples decreases slightly as temper-
ature increases. In each case, a linear regression was
performed on the data to obtain the best fit. It was
found that dynamic Young’s modulus for each sample
decreased lincarly with increasing temperature. The
best-fit equations are presented in Table 111, Also in-
cluded in Table III are the best-fit equations for the
data shown in Fig. 7. [14,15], which are included for
comparison. The sample for curve A is a reaction-
bonded SiC obtained from Coors Ceramics [14],
while the material for curves B-D is o-SiC [15]. From
Table III and Fig. 7 it can be seen that the fit for NC
203 is similar to the fits for Coors SiC and the a-SiC in
that all fits exhibit a negative slope. However, the
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Figure 6 Dynamic Young’s modulus versus temperature for SiC
matrix materials. B, NC 203; [J, RFSC No. 1; A, RFSC No. 2; @,
RFSC No. 3; O, RFSC No. 4.

TABLE IT Comparison of ROM estimations with experimentally determined properties at room temperature

Specimen Poeas (€ €M 3) Prom (ECm ™ 3 Diff. (%) E .. (GPa) Egon (GPa) Dift. (%)
NC 203? 3.328 3.17 43 450 470 44
RFSC No. 1 3.053 3.05 0.1 366 419 14.5
R¥SC No. 2 2955 3.05 32 344 419 21.8
RFSC No. 3 3.031 3.18 49 340 429 26.2
RFSC No. 4 2.945 3.30 12.1 310 438 41.3

®Calculated from published values of E and p for SiC, and accounting for porosity.
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TABLE III Linear regression equations for E (GPa) versus T (°C) for SiC materials

Specimen Linear regression 10* (Relative decrease) (K1)
NC 203 E =452-0.0619T 1.38
RFSC No. 1 E = 366-0.0502T 1.37
RFSC No. 2 E = 344-0.0455T 1.32
RFSC No. 3 E = 340-0.1850T 5.44
RFSC No. 4 E =316-0.0780T 2.52
Coors SiC [14] E =402-0.0143T 0.36
%-SiC [15] E = 350-0.01537* 0.44
* Determined from Fig. 7.
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Figure 7 Curve A, dynamic Young’s modulus versus temperature
for Coors SiC [14]. Elastic moduli versus temperature for x-SiC
[157: curve B, Young's modulus; curve C, bulk modulus; curve D,
shear modulus.

modulus is higher over the temperature range, and the
slope for NC 203 is approximately four times the
slopes for Coors SiC and «-SiC.

Also included in Table IIT is the relative decrease in
dynamic Young’s modulus of each specimen with in-
creasing temperature. This was determined by nor-
malizing the slope of the linear regression with respect
to the modulus at room temperature. From Table 111
it can be seen that the relative decrease of modulus for
SiC materials is very small. It can be seen that the
relative decreases in the RFSC are higher than that for
Coors SiC and o-SiC, but in the same range as that for
the commercially produced SiC NC 203. This indi-
cates that the reinforcing phases present in RFSC
cause the relative decrease in modulus to be greater
than that for pure «-SiC, but the values are still com-
parable to those of the NC 203 commercially produc-
ed SiC. It is to be noted that the values for relative
decrease of modulus for all the SiC materials are
generally lower than- the values (4x107%-
14 x 107* K1) documented by Friedel [16] for pure
elements (mainly metallic). This is probably a conse-
quence of the predominant covalent bonding in SiC
materials.

4.4. Damping characteristics

The strain amplitude dependence of damping is in-
cluded for each specimen over temperature ranges as
shown in Figs 8—12. From these graphs it can be seen
that the damping for each specimen is generally inde-
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Figure 9 Strain amplitude dependence of damping for RFSC
No. 1 at: A, 20; O, 346; and [, 622°C.
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Figure 10 Strain amplitude dependence of damping for RFSC
No. 2 at: A, 20; O, 350; and {J, 561 °C.

pendent of strain amplitude and is not affected greatly
by temperature (over the range tested). For repetitive
tests on a single specimen, the reproducibility of the
value of damping was generally within a factor of 2-3.
No large strain amplitude dependence of damping is
expected in these ceramics, since the number of dislo-
cations is expected to be small and the dislocations are
not expected to move significantly at the temperatures
used for the measurements.

The damping as a function of reciprocal temper-
ature on a log-linear scale is shown in Fig. 13 and
an Arrhenius plot has been fitted to the data. The
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Figure 11 Strain amplitude dependence of damping for RFSC
No. 3 at: A, 20; O, 298; and [J, 455°C.
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Figure 13 Damping versus reciprocal temperature for: A, RFSC
No. 2; and O, RFSC No. 3.

activation energy was determined for each specimen
from:

Q™' =0 '(0)exp(— H/KT) 1)

where Q™! is the damping, Q ~*(0) is a reference value
of damping, H is the activation energy (in eV}, k is the
Boltzmann constant (8.61 x 107> eVK 1) [13], and
T is temperature (in K). The activation energy was
determined for RFSC No. 2 and RFSC No. 3 only,
since not enough damping data were obtained for the
other specimens.

Table IV shows the values of the activation energy
derived for specimens RFSC No. 2 and RFSC No. 3. By
comparison, the activation energy for the diffusion of
Cin SiC is between 7.4 and 8.2 eV [17]. The activation
energy determined for the RFSC materials was compa-
rable to the thermal energy (kT) present across the
temperature range used. Thus, for RFSC No. 2, kT was
0.025-0.072 eV, while for RFSC No. 3 kT was in the
range 0.025-0.063 ¢V. Since the values of the activa-
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TABLE IV Activation energies of SiC-based materials

Specimen Activation energy (eV)
RFSC No. 2 0.08
RFSC No. 3 0.04

Cin SiC [17] 74-8.2

tion energy derived from the damping data are close
to the values for the thermal energy, and are also two
orders of magnitude less than the activation energy for
the diffusion of C in SiC, it can be deduced that
damping due to crystal defect motion (dislocations,
solute atoms, etc.) is not significant at the temper-
atures used.

4.5. Comparison of modulus and damping
results to previously measured data
[18, 19]
There is a limited amount of data available for
modulus and damping characteristics of SiC mate-
rials. These characteristics will be compared to those
results obtained from two other experiments in addi-
tion to the two previously mentioned studies. In the
first experiment [18], SiC with B and C additives was
studied from 0 to 1500 °C. In this study, several values
of logarithmic decrement and square of frequency (f)
of vibration in the torsional mode were plotted against
temperature. Shear modulus (G) is proportional to £,
and Young’s modulus (E) for an isotropic material can
be determined from:

E=26G(+v) @)

where v is Poisson’s ratio (taken as 0.3 for SiC). The
relative decrease in E was found by first normalizing
the slopes of the f* curve with respect to the value of
f? at room temperature, and then equating this to the
relative decrease of shear modulus, and using this
value in Equation 2. The damping was determined
from:

Q' =3n G

where 6 is the logarithmic decrement. An average
value of the logarithmic decrement was determined
from the scatter and then used to find the approximate
value of Q. The relative decrease in modulus was
found to be 7 x 10~* K™%, which is a little higher than
those values shown in Table II1, but is still within the
same order of magnitude. The damping was found to
be ca. 2 x 10~ 2, which corresponds to the same order
of magnitude of damping measured for each specimen
in this study.

The second experiment was an investigation of the
elastic properties of SiC, AIN and their solid solutions
[19]. From this study a comparison can be made
between the measured value of Young’s modulus for
pure SiC with a porosity of ca. 0.013 v/o, which was
427 GPa, and our NC 203 (which has a similar poro-
sity). The measured value for the modulus of NC 203
was 450 GPa. Thus, the agreement is within ca. 5%.



5. Conclusions

From these studies of the microstructure and the elas-
tic and anelastic properties of RFSC, it is concluded
that:

1. the microstructure of RFSC are essentially iso-
tropic with a uniform distribution of phases;

2. “rule of mixtures” calculations cannot be used to
predict accurately the elastic modulus of RFSC;

3. “rule of mixtures” calculations can be used to
predict the density of RFSC to within ca. 5%;

4. the dynamic Young's modulus of RFSCs de-
creases from ca. 350 to 300 GPa as temperature
increases from room temperature to 600 °C;

5. the characteristics of Young’s modulus versus
temperature are similar to those of other SiC
materials;

6. the relative slopes of Young’s modulus versus
temperature of the RFSC are higher than those
of Coors SiC and pure o-SiC, but similar to that
of the commercially produced NC 203 SiC ma-
terial;

7. the damping of RFSC is independent of strain
amplitude and is not greatly affected by temper-
ature up to 600°C.
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