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INTRODUCTION

Ceramic reinforced ceramic matrix composites are advanced materials
currently being developed for high temperature, high strength applications
such as heat engine components, heat exchangers and recuperators.

The particular material considered here was SiC fiber reinforced SiC
matrix formed by chemical vapor infiltration (CVI). The initial focus was
on porosity, which has been linked to the material strength.

Ultrasonic attenuation and velocity were investigated sigcg Xhey were
expected to be affected by the porosity in the material.=**

The objectives of the study were to determine the capability of
conventional methods to measure the ultrasonic properties of the
materials, and develop improved methods where necessary; to determine the
correlations between ultrasonic properties and material properties of
interest; and to demonstrate the ability of the ultrasonic technique to
nondestructively characterize ceramic composite components.

EXPERIMENTAL METHODS

A set of SiC/SiC samples designed to have a wide range of porosity levels
was used in this study. The samples were in the form of plates measuring
approximately 100 x 38 x 3.3 mm. They were fabricated from preforms built
up from multiple layers of SiC clothd. 8 SiC matrix was added by a
chemical vapor infiltration (CVI) process.” The process results in
samples with high porosity because, as matrix continues to deposit on the
fibers in the preform, further infiltration of the gaseous reactants can
be inhibited. The bulk porosity varied between 26-42 volume percent for
the samples examined.
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Because the ultrasonic attenuation of these 3mm thick specimens was
extremely high (typically 50 to 80 db at 2.5 MHz), studies were limited to
through-transmission measurements. Some ultrasonic measurements were
performed using a standard two transducer transmission system with 2.25
MHz 12.7 dia. piezoelectric transducers. The samples were immersed
directly in the water tank. Since thicker specimens may be studied in the
future and since reflected ultrasound may be desired either for
measurement of the depth of defects or for single-sided inspection, two
techniques with great potential for improving the ultrasonic sensitivity
were investigated.

One of the techniques of sensitivity improvement is laser-generated
ultrasound. The sample was placed at the surface of the water tank and a
laser pulse of about 10 ns, 5 mJ was directed in an approximately 6 mm
diameter spot on the surface of the specimen that was above the water.
The sound wave generated by thermoelastic conversion propagated through
the sample to the immersed surface and was received by an ordinary
piezoelectric transducer located about 12 mm from the sample in the
water. Both the ultrasonic propagation velocity and the amount of
ultrasonic energy transmitted through the sample were measured. This
technique provided 20 to 30 dB more signal at the receiver than was
available when a piezoelectric transmitter was used. A more complete
description of the technique is given in reference 5.

The other technique of sensitivity improvement uses a unique type of
averaging, rather than higher power levels, for signal-to-noise
improvement. This technique, time delay spectrometry (TDS) uses the
unique properties of a linearly swept frequency signal to provide rapid
signal averaging and can obtain an improvement equivalent to averaging
thousands of pulse-echo signals in only 20 ms. When the swept frequency
is received after propagation through the sample (and possibly other
paths) components of different propagation delays are distinguished by
their frequency offset relative to the linear transmitted sweep. If the
received signal is heterodyned against the transmitted sweep, the lower
sideband represents a signal in which the known linear sweep is
subtracted. For a fixed frequency in this signal, the frequency of the
ultrasonic signal is represented by the time since the start of the sweep,
while for a fixed arrival time, the time delays of the components are
represented by their frequencies. Simple fixed filters can be used to
select signals arriving within some bandwidth of the linear sweep,
resulting in a signal-to-noise improvement over pulsed operation equal to
the ratio of the ultrasonic bandwidth of the sweep to the bandwidth of the
filter. This ratio is typically 20 MHz/1KHz (43 dB).

Since this processing preserves phase information, the time domain
representation (ultrasonic A-scan) can be recovered using a simple Fast
Fourier Trangf9rm (FFT), with an even greater signal-to-noise
improvement.™ TBS has also been used in the reflection mode with a
single transducer.



RESULTS AND DISCUSSION

Figures 1 and 2 show the measured correlations between the porosity and
the attenuation and velocity, respectively, using conventional
piezoelectric transducers in the throughtransmission mode. Each error bar
is the standard deviation of the measurements for the corresponding
sample, and is indicative of the degree of uniformity. The lines through
the data are the result of unweighted least squares analyses, and give
changes per percent porosity of 0.5 dB/mm for attenuation (at 1.6 MHz) and
0.16 km/s for velocity.

Ultrasonic maps of a sample reveal nonuniform distributions of porosity.

A sample having large variations in porosity is featured in Figure 3. The
X-ray radiograph in Figure 3a, which was calibrated by a series of
penetrameters, reveals that the porosity ranges from as low as 27% in the
dark region to as high as 35% in the light region. The ultrasonic maps
show the same general pattern as does the radiograph; three areas of
relatively high material density surrounded by areas of higher porosity.
The lower porosity regions transmit more energy, and have higher

velocity. The range of velocities in Figure 3c, about 3.5 to 5.5 km/s, is
consistent with the velocity measurements in Figure 2.

Figure 4 shows the attenuation spectra at three locations of the same
sample obtained with the, TDS technique. The two upper spectra were taken
at regions of high porosity in the sample and the lower spectrum was taken
at the central low porosity region. These show the measured trend of
increasing attenuation with increasing frequency and higher attenuation
associated with higher material porosity. The extremely high attenuation
levels in the material are evident. Materials with such high attenuation
levels would be extremely difficult if not impossible to examine with
conventional pulsed ultrasonic techniques. The sharp cusps seen in the
spectra are associated with phase cancellation effects at the transducer
face caused by velocity variations in the sample.

CONCLUSIONS

The density of these developmental specimens varies considerably, both
between samples and within a given sample. Radiography, ultrasonic
velocity maps, and ultrasonic attenuation maps are in general agreement as
to the high and low density areas. When compared to the average sample
density the ultrasonic velocity shows a strong positive correlation and
the ultrasonic attenuation shows a fair negative correlation. The signs
of these correlations are as expected from simple considerations. If
comparison were made between these ultrasonic properties and the local
sample density, better correlations are expected, although the ultrasonic
properties are expected to depend an the contact between sample components
as well as on the local density.

Because of the high attenuation of these samples, if thicker samples are
to be inspected or if reflection methods are to be used, the
signal-to-noise improvement of techniques such as TDS and/or the laser
generation method will be needed.
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FIGURE CAPTIONS

Figure 1. Attenuation at 1.6 MHz as a function of sample porosity. The
attenuation increases at about 0.5 dB/% porosity. The error bars are the
standard deviation values measured at different points on the sample. Two
sets of measurements are shown for two of the samples.

Figure 2. Acoustic velocity measured with the conventional pulsed
system. Velocity is seen to depend strongly on the sample porosity. The
error bars are the standard deviation of measurements at different points
on the sample. Two sets of measurements are shown for one sample.

Figure 3. SiC-SiC sample with porosity variations from 28% to 35%. a)
Positive print of X-ray radiograph, and maps of b) the transmitted
ultrasonic energy (darker = higher energy), and c) the ultrasonic
propagation velocity (darker = higher velocity).

Figure 4. Ultrasonic attenuation measured with TDS technique for the
SiC-SiC sample in Figure 3, at the central low porosity region and in the
higher porosity regions on either side.



Ultrasonic Attenuation Correlates
with Porosity for SiC-SiC Samples
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Ultrasonic Velocity Correlates with
Porosity for SiC-SiC Samples
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