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ABSTRACT

Three types of acousto-ultrasonic (AU) measurements: stress-wave factor (SWF), lowest antisymmetric plate
mode group velocity (VS), and lowest symmetric plate mode group velocity (VL), were performed on specimens
before and after tensile failure. Three different Nicalon fiber architectures with ceramic matrices were tested. These
composites were categorized as 1D (unidirectional fiber orientation) SiC/CAS glass ceramic, and 2D and 3D
woven SiC/SiC ceramic matrix materials. SWF was found to be degraded after tensile failure in all three material
categories. VS was found to be degraded only in the 1D SiC/CAS. VL was difficult to determine on the irregular
specimen surfaces but appeared unchanged on all failed specimens. 3D woven specimens with heat-treatment at
high temperature exhibited degradation only in SWF.

INTRODUCTION

The acousto-ultrasonic (AU) approach to nondestructive characterization has been shown to be useful in
assessing mechanical properties in composite structures [1-7]. This has been achieved by comparing AU results
with models for the propagation of ultrasound in composites as they relate to the material/mechanical state of the
specimen. The understanding gained by this comparison has lead to useful NDE tools for evaluating ceramic
matrix composite (CMC) structures.

In early work [2] the stress-wave factor, SWF, calculated from AU signals, was used to assess the
mechanical state of a specimen. In general, SWF a function of the magnitude of the AU signal recovered at the
receiver. SWF can also be the time decay of the signal. In the form of a ring-down count, this decay concept was
originally borrowed from acoustic emission. Recently, conditions have been explored where diffuse decay rate
measurements can be used as a more detailed substitute for ring-down.

More recently, [1,8,9], plate wave analysis has been shown useful for characterizing composites in terms
of the various stiffness moduli.

This work examines both SWF and plate wave analysis of data acquired with the AU configuration. The
objective is to assess its practicality for monitoring changes due to mechanical degradation in CMCs with various
fiber architectures. The acousto-ultrasonic configuration is applied to collect data on CMC tensile specimens of
three different fiber layups.



MATERIALS DESCRIPTION

The three ceramic matrix composite (CMC) systems investigated were unidirectional reinforced (1D) SiC
fiber/calcium aluminosilicate (CAS), 2D plain weave SiC fiber/SiC, and 3D woven SiC fiber/SiC overcoated
composites. SiC/CAS CMC was fabricated by Coming Inc. and SiC/8iC systems were infiltrated by DuPont Co.
Nicalon SiC fibers with 40 percent volume were used in all three systems. Tensile tests were performed at room
temperature for 1D SiC/CAS and 2D SiC/SiC while 3D SiC/SiC tensile specimens were tested at 1200 and
1400 °C for short term exposure in air. Two 3D SiC/SiC specimens were also heat-treated at 1200 and 1550 °C
for 100 hr in air and then tensile-tested at room temperature. A detailed description of 3D fiber architecture and
composite fabrication is reported elsewhere [10].

BASIS OF EXPERIMENT

Lowest mode plate wave velocities respond to changes in stiffness and flexure moduli [8,9,11]. SWF will
respond to changes in attenuation. A source of attenuation is the formation of matrix cracks in the failed
specimens. These cracks may act as reflecting discontinuities. The increase in attenuation is not due to transforma-
tion of ultrasonic energy to another form, but rather a result of scatter out of the beam.

Plate wave velocity and SWF are global variables. One looks for an average value for the entire gauge
region. In the tensile failed specimen one may expect the mechanical/material properties to vary as a function of
position along the gauge length. In the case of plate waves, nonlinearity of the plot of transducer separation versus
pulse arrival time may reflect variation in velocity, and hence modulus, along the gauge region between the grip
and the fracture surface.

In the case of SWF, diffuse field decay analysis has been shown applicable to tensile specimens [12-14].
However, diffuse field decay may be too global to reflect variations in attenuation along the gauge. Thus, the

method of moments [15,16] is applied to AU signals collected over sets of relatively narrow transducer separations
along the gauge. The stress-wave factor is defined as the centroid of the power spectrum, P(f):

f: P(f) +f*df
oo

SWF = (D

In Eq. (1), the variable f is frequency. In the present work we take the limit f1 as zero and £2 is the Nyquist
frequency for the digitized time domain AU signal. The SWF defined in Eq. (1) is sensitive to changes in shape
of the spectrum such as might be produced by changes in attenuation. At the same time, it is normalized to
minimize scatter due to surface coupling effects.

EXPERIMENT AL PROCEDURE

Acousto-ultrasonic data collection and processing have been described earlier [1,4,9]. Figure 1 shows the
AU configuration on a tensile specimen for plate wave excitation and conventional stress-wave factor
determination. Plate waves were excited and received with pairs of 0.5 or 1.0 MHz transducers. SWF was
determined using pairs of 2.25 MHz transducers. In all cases broad-band immersion transducers were used with
elastic coupling pads.

Measurements were performed on undamaged and failed specimens. The effect of tensile stress to failure

on these three types of CMCs is examined by comparing AU parameters of the undamaged to that of the
failed specimen for each fiber architecture. All specimens had tensile grip reinforcements attached before AU
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measurement. For plate waves, it was found practical to couple the sending transducer to a grip while the receiver
was moved over a range of positions on the gauge region. This is illustrated in Fig. 2. The slope of the transducer
separation, s, versus pulse arrival time gives the mode velocity. Departure of this plot from linearity in a failed
specimen may be interpreted as a response of the particular plate mode to strain induced degradation. For the plate
wave measurements the total force on the two couplant pads was 2.5 N.

For SWF measurements, both transducers were coupled to the gauge region. For these measurements the
transducer centerline separation, s, was constant at 1.908 cm. The total force on the two coupling pads was 12 N.

RESULTS AND DISCUSSION

Centroid of the Power Spectrum as Stress-Wave Factor

Figure 3 shows SWF data for the 3D woven, nonheat treated, specimens tested at elevated temperature. The
centroid of the power spectrum, defined in Eq. (1), is plotted against the center line of the receiving transducer
position where the wave form was collected. The open squares indicate + one standard deviation of values on the
untested specimen. They were taken at positions along the gauge region from one end to the other. The filled
squares show standard deviations for data on the failed specimen. These were taken at positions starting next to
one grip and continuing up to the break. This SWF shows no gradient along the gauge region in the failed
specimens. Thus no gradient in matrix crack density can be identified in the failed 3D ceramic composite.

Average SWF for 1D SiC/CAS, 2D SiC/SiC, and 3D SiC/SiC failed at elevated temperatures are compared
in Fig. 4. In all three cases the centroid of the power spectrum is degraded to a lower frequency after failure. This

is taken as an increase in attenuation due to matrix crack formation. The degradation is most pronounced in the
1D SiC/CAS.

It is evident that SWF before and after tensile tests should be compared only within the same composite
system. For example, the highest SWF values before tensile test were found in the 1D SiC/CAS. However this
does not relate to ability to withstand strain. The 2D and 3D architectures possess fibers across the ultrasound path
which produce the greater initial attenuation.

Shear Velocity From the First Antisymmetric Plate Mode

Figures 5 to 7 exhibit representative sets of lowest antisymmetric plate mode pulse arrival times for the 1D
SiC/CAS, 2D SiC/SiC, and 3D SiC/SiC failed at elevated temperature respectively. Slopes on these plots are a
measure of velocity. Significant variation in slope from point to point might be taken as indicating variation of
shear stiffness along the gauge. The small variations observed here are probably scatter in the data, revealing no
stiffness gradient.

Linear regression was performed on these data in order to obtain an average shear velocity for the gauge
region. Figure 8 compares undamaged and failed specimen velocities for the three fiber architectures. This plot
shows a one standard deviation range for each set. Although the + one standard deviation intervals overlap before
and after for each system, the 1D SiC/CAS shows greatest probability of decreased shear velocity, and hence shear
stiffness degradation after failure.

Longitudinal Velocity From the First Symmetric Plate Mode

Figures 9 to 11 exhibit representative sets of lowest symmetric plate mode pulse arrival times for the same
composite specimens of the previous section. These data show much more scatter than the antisymmetric pulse
data of Figs. 5 to 7. This was caused by the very nonplanar surfaces. One expects that surface nonsmoothness of
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this kind will tend to inhibit formation of plate wave pulses. Symmetric pulses are generally less robust than the
antisymmetric. In the present study the symmetric pulses were often difficult to window, thus leading to scatter
in transit time.

Figure 12 shows the regression slope velocity data for all three systems. The 1D SiC/CAS and 3D SiC/SiC
post failure data show no change. The 2D SiC/SiC post-failure longitudinal velocity data appears to be degraded.
One observes that when longitudinal fracture occurs cracks tend to close up and effectively restore pre-stress
longitudinal modulus. This is the case for longitudinal velocity.

Response of SWF to Heat Treatment of the 3D SiC/SiC Composite

Two 3D SiC/SiC specimens were heat-treated at 1200 or 1550 °C in air for 100 hr and then SWF values
were measured before tensile test. After tensile testing to failure at room temperature, SWF values were measured
again . The results are shown in Fig. 13. A progressive degradation of centroid frequency occurs with higher heat-
treatment temperature. The optical micrographs [10] showed that in fact there were more microstructural changes
in specimens heat-treated at 1550 °C than specimens heat-treated at 1200 °C. SWF values after tensile tests
reflected degradation due to mechanical loading only if compared within the same specimen. These results are
consistent with those of Fig. 4.

CONCLUSIONS

Among the three AU parameters studied as a function of tensile failure, the stress-wave factor was to be
the most consistent indicator of matrix crack formation for all three composite systems. The stress-wave factor
was calculated as the centroid frequency of the AU waveform. The shift of the centroid to lower frequency is a
manifestation of increased ultrasonic attenuation as internal damage progresses.

The advantage of centroid frequency over plate wave velocities is two fold. First, the centroid is directly
dependent on attenuation caused by matrix cracking. The velocities are indirectly related through changes in
stiffness caused by the cracking. Second, the centroid frequency calculation was less sensitive to fiber caused
surface irregularity than were the plate wave pulses. Surface irregularity was sufficient to cause ambiguity in
specimen thickness and plate wave boundary conditions. It may be of value for future applications to explore
optimization of coupling conditions to rough surfaces for plate wave pulsing.
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