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SUMMARY

A review is presented of NASA Lewis Research
Center efforts to develop nondestructive evalua-
tion techniques for characterizing advanced cer-
amic materials. Various approaches involved the
use of analytical ultrasonics to characterize
monolythic ceramic microstructures, acousto-
ultrasonics for characterizing ceramic matrix
composites, damage monitoring in impact specimens
by microfocus x-ray radiography and scanning
ultrasonics, and high resolution computed x-ray
tomography to identify structural features in
fiber reinforced ceramics.

INTRODUCTION

Monolithic silicon carbide and silicon nitride
are current leading candidate materials for hot
section components of advanced heat engines.
Although they have good average high temperature
strength and excellent oxidation resistance,
their brittle nature and acute sensitivity to
defects leads to wide variations in mechanical
properties and relatively low fracture toughness
(1,2). Improvements in strength and toughness
can be achieved by reinforcing the monolithic
materials with ceramic fibers to produce a ceramic
matrix composite (3). While the strength of mon-
olithic ceramics is generally governed by the
size, population, and distribution of defects,
fiber reinforced ceramics have been found to be
relatively insensitive to the size of pre-
existing flaws in the matriz (4). The strength
of ceramic matrix composites is primarily depend-
ent on fiber strength, integrity of the fiber-
matrix interfaces, and the ability of the matrix
to distribute loads uniformly among fibers.
Although the strengths of monolithic ceramics and
ceramic composites appear to depend on different
fabrication induced structural elements, the
problems of poor reliability and reproducibility
are common to both classes of material.

One approach o improved reliability and
reproducibility of ceramics is to utilize nonde-
structive evaluation (NDE) techniques during
materials research and development to help iden-
tify when harmful flaws are introduced. Staps
can then be taken to minimize their occurrence
through improvements in processing. Another
approach is to use NDE as a materials characteri-
zation tool to provide indirect assurance that
components exhibit correct microstructures and
uniform properties. This can be done at various
stages of processing to save the cost of finish-
ing parts deemed to be defective at an early
stage. The least efficient approach, although
often unavoidable, is to use NDE after the last
stage of fabrication to eliminate parts that con-
tain harmful flaws. No matter when NDE is
applied, effective utilization requires close
control over the procedures used to make the
nondestructive measurements and careful interpre-
tation of the data to assure meaningful
conclusions.

This report describes the capabilities and
limitations of several ultrasonic techniques for
characterizing monolithic and composite ceramics
and the conditions under which they can be
applied effectively. Also described is a prelim-
inary effort to perform damage monitoring in
impact specimens, and results of initial studies
of high resolution computed tomography for evalu-
ation of ceramic composites.

ANALYTICAL ULTRASONICS

Ultrasonic methodology for determining micro-
structure and mechanical properties of ceramic
materials is of high interest. Empirical
relationships between ultrasonic velocity, atten-
uation, bulk density, grain size, and strength
properties have been observed (5-7) and conceptual
models for explaining and predicting empirical
correlations have been advanced (8). Accurate
determination of these empirical relationships
depends to a large degree on the experimental
technique used to measure not only the material




properties but on the technique used to make the
ultrasonic measurements (9). It has been shown,
for example, that inaccuracies in attenuation
measurements made with broadband ultrasonic pulses
can result unless the frequency dependence of the
reflection coefficient is incorporated in the
signal analysis (10). In the following para-
graphs the effects of specimen surface finish,
pore fraction, pore size and shape, and grain
siz= on ultrasonic velocity and attenuation meas-
urements will be discussed.

EFFECT OF SURFACE FINISH - Figure 1 illus-
trates the effect of surface roughness on the
ultrasonic reflection coefficient, a property
that influences the measurement of ultrasonic
attenuation. The reflection coefficient gives
the proportion of incident energy reflected at an
interface. In this case the interface is com-
posed of a quartz buffer in contact with a silicon
carbide specimen and a liquid couplant (glycer-
ine) filling the gaps. The experimental data for
all four curves in Fig. 1 were taken using same
transducer-sample pair, but with four different
sample surface preparations (6). It is evident
that the reflection coefficient increased when
surface roughness exceeded 1 um peak-to-valley
height (Ry). This is because higher Ry wvalues
created thicker interfacial layers, making trans-
mission more difficult. Note that in all cases
the experimentally determined reflection coeffi-
cient increased with increasing ultrasonic
frequency. This is expected since shorter wave-
lengths are more readily scattered and reflected
at an interface. For reference purposes the
theoretical reflection coefficient, a function
of the densities and velocities of the mating
materials, was calculated assuming zero inter-
face thickness and no couplant, making frequency
effects negligible.

Figure 2 shows the effect of surface rough-
ness on ultrasonic attenuation coefficient meas-
ured on the same silicon carbide sample.

Although the effect of increasing roughness on
attenuation does not appear to be as dramatic as
the effect on reflection coefficient, the same
trend is evident. For Ry of 0.6 and 1.0 um
the measured attenuation appears to be equiva-
lent, but is shown to increase for higher peak-
to-valley heights. For example, the attenuation
coefficient at 100 MHz increased by a factor of
two for Ry, of 3.0 pm over that measured for

Ry of 1.0 pm. It must be concluded that when
accurate attenuation measurements are needed,
the surface roughness should not exceed peak-to-
valley heights of 1 um. Nevertheless, it should
be possible to make comparative attenuation meas-
urements on specimens with rougher surfaces as
long as the surface finish is the same on all
samples.

EFFECT OF DENSITY, PORE SIZE, AND GRAIN SIZE
ON ATTENUATION - The effect of bulk density, pore
size, and grain size on attenuation of specially
prepared silicon carbide specimens is shown in
Fig. 3. Three batches of material were sintered
under different conditions to produce samples
with varying bulk density and mean pore size with
corresponding variations in grain size (6). Each

batch contained at least eight specimens. The
attenuation as a function of frequency was meas-
ured for all specimens but, for simplicity, only
the scatter band for each batch is plotted. The
width of the scatter bands indicate that signifi-
cant variations exist within batches. It should
be noted that valid comparisons at ultrasonic
frequencies below 60 MHz were not possible
because, at these longer wavelengths, the attznu-
ation could not be distinguished from zero except
for samples with densities less than about

95 percent of theoretical. Low ultrasonic atten-
uation is characteristic of nearly fully dense
structural ceramics with fine microstructures.
Thus, significant attenuation differences between
batches are evident only in the frequency range
above approximately 100 MHz where the ultrasonic
wavelength is less than 10 to 20 times the aver-
age grain size and pore size.

The data in Fig. 3 show that the magnitude
of ultrasonic attenuation is influenced by bulk
density and what appears to be a combined effect
of pore size and grain size. For example, even
though the average bulk densities of batch 1 and
batch 2 are equivalent, the attenuation of batch
2 is higher, apparently because the mean pore
size and grain size are significantly greater.

On the other hand, although the mean pore sizes
and grain sizes of batch 2 and 3 are nearly the
same, the attenuation of batch 3 is higher, prob-
ably because the density is lower. Unfortu-
nately, the sintering parameters utilized did not
permit variation of grain size independently of
pore size and so the independent effects of these.
two microstructural variables could not be deter-
mined. However, when measurements are made at

the appropriate frequencies, ultrasonic attenuation

can be a very sensitive indicator of overall
variations in microstructure of structural cer-
amics. Furthermore, if other variables such as
grain size and pore size are closely controlled,
the technique can be useful for measuring a
specific property such as bulk density.
RELATIONSHIP BETWEEN ULTRASONIC VELOCITY AND
DENSITY - Figure &4 shows that a relation exists
between ultrasonic velocity and bulk density for
four batches of silicon carbide, each with a dif-
ferent mean pore size and grain size (6). It is
evident that velocity is a steadily increasing
function of density, and that the variations in
pore size and grain size have little effect on
this correlation. For example, the data for two
batches of material with average densities of
about (3.11 g/cm3) show only a slight velocity
difference, in spite of the fact that the pore
sizes and grain sizes for the two batches differ
by a factor of two. The data for the other two
batches appear to be affected primarily by mate-
rial bulk density and, again, very little by the
wide differences in pore and grain size. This
observation agrees with that made previously in
Ref. 5 which concluded that ultrasonic velocity
could be used to measure bulk density of silicon
carbide to within 1 percent, given that a suita-
ble calibration is available. If grain size
is a closely controlled parameter, measurement of
density within a fraction of a percent should be



possible. Even in lieu of calibration curves, the
use of ultrasonic velocity is a viable quality
control option for qualitative ranking of speci-
mens of a given material on the basis of material
density.

ACOUSTO-ULTRASONICS

Analysis of ultrasonic signals recovered
from composites by conventional methods is often
impossible because the heterogeneous structure of
the laminate creates a tortuous path for sound
waves, resulting in multimodal transmission and
superposition of multiple signals arriving at the
receiver at about the same time. The result is
a complex 'noisy" waveform that is difficult to
interpret. A new technique termed acousto-
ultrasonics has emerged (1ll) which offers a unique
way of evaluating composite panels by measuring
bulk material effects on ultrasonic transmission
rather than detecting discrete defects. A block
diagram in Fig. 5 illustrates the technique. A
sending transducer creates sound waves in the
panel specimen and a receiving transducer detects
the transmitted waves on the same surface.. The
received waveform is digitized for further analy-
sis. A sample waveform from a silicon nitride
specimen reinforced with silicon carbide fibers
is presented in Fig. 6. It is clear that the
time domain signal (Fig. 6(a)) is irregular and
has a long ringdown time, typical of a waveform
comprised of multiple signals arriving together.
By performing a Fourier transform, the frequency
spectra of the received signal is obtained
(Fig. 6(b)). At least four distinct frequency
peaks are evident, further illustrating the com-
plexity of the signal. From the frequency spec-
tra a quantity termed the ''stress-wave factor"
can be obtained by determining the area beneath
the entire curve or any part of the curve, for
example the area beneath one of the peaks. A
detailed description of acousto-ultrasonic wave
paths, signal analysis, and their relationship
to material properties of composite materials
can be found in Ref. 12.

Stress-wave factor measurements were made
on SiCp/Si3N, tensile specimens exposed to an
oxidizing environment at temperatures ranging
from 700 to 1200 °C. The data presented in
Fig. 7 show that an empirical relationship
exists between normalized stress-wave factor and
elastic modulus measured in tension. The rela-
tionship suggests that the stress-wave factor
may be sensitive to a number of factors that con-
tribute to the stiffness of the material, includ-
ing the integrity of the interfacial bond between
fibers and matrix. Thus, acousto-ultrasonic
measurements may be useful for estimating the
overall quality of composite materials.

DAMAGE MONITORING

There is increasing interest in utilizing
nondestructive examination procedures for moni-
toring damage accumulation in test specimens of
advanced ceramic materials to help identify fail-
ure modes. Although fractographic analysis is

an extremely useful technique for determining
fracture origins in monolythic ceramics after
failure, it has limited applicability to fiber
reinforced composites because these materials are
less sensitive to discrete defects. Widely vary-
ing matrix densities, bridging, and load redis-
tribution by the fibers tend to create multiple
crack sites, making identification of an initial
crack impossible. It appears that damage moni-
toring in ceramic matrix composites may be more
informative when performed on a global scale to
follow general trends in the failure process.
Thus, an initial attempt was made at utilizing
radiography and ultrasonics to map the damage
zones in high velocity pellet impact test
specimens.

A photograph of the impacted surface of a
SiCy/Si3Ny test coupon is shown in Fig. 8.
Apparent impact damage is indicated by a small
circular spalled zone in center of the specimen.
The surface spalling along the bottom edge of
the specimen existed prior to testing and was
unchanged. No damage of any kind was evident on
the back side of the sample. Figure 9 shows
radiographs of the same sample taken before and
after testing. The radiograph taken before test-
ing shows that internal matrix cracking existed
before the specimen was impacted and that these
were probably fabrication flaws. Had the speci-
men not been x-rayed, the cracks upon later
observation may have been assumed to be caused
by the high velocity pellet impact. The radio-
graph taken after testing gives no indication
that the pre-existing cracks were enlarged by the
impact, nor does it suggest that there was any
interaction between these cracks and the spalling
caused by the pellet. Figure 10 shows an ultra-
sonic C-scan of the same specimen made after impact
testing. This image shows that impact damage is
more extensive than indicated by the radiograph.
The damaged area indicated by the ultrasonic
C-scan is about 16 percent of the total specimen
area, compared to less than 1 percent indicated
by the radiograph (Fig. 9(b)) which is about the
same as would be estimated from the photograph of
the specimen surface (Fig. 8). The fact that the
x-rays missed a major part of the damage suggests
that it is probably delamination in the plane of
the specimen. Cracking that occurs in this plane
is transparent to x-rays (in the absence of spall-
ing) but is favorably oriented for detection by
ultrasonic waves because it acts as a reflector.
Thus, the need for evaluation of specimens by NDE
techniques that complement one another is evident.

COMPUTED TOMOGRAPHY

Computed x~-ray tomography (CT) has been used
in medical applications for nearly two decades
and in large industrial applications for nearly a
decade. The first industrial systems were deve-
loped for inspection of fully loaded, large diam-
eter rocket motors measuring from 1 to 2.4 m in
diameter (13). Neither the medical units nor the
early industrial systems were designed to produce
the high resolution images required for material
characterization. Only in the last 3 years has




attention been focused on the need for nondestruc-
tively examining specimens and components for
mapping and sizing of small (less than 250 pm)
internal flaws and for characterizing internal
structure by tomographic methods. An example of
preliminary results is shown in Fig. 11. The
image is a CT slice through a cross section of a
small SiCp/Si3Ny composite sample. The silicon
carbide fibers, 140 pum in diameter, are differen-
tiated from the silicon nitride matrix. Though
it may not be obvious from the image in Fig. 11,
matrix density variations can be seen on a moni-
tor and in the original photographs. The theo-
retical densities of the fibers and matrix are
similar but the actual density of the matrix is
only 60 percent of theoretical which makes imag-
ing of the fibers easier. The center of the fib-
ers is composed of a carbon core which is only

25 pm diameter and is seen as a dark spot in the
middle of the fiber. It is evident that although
these relatively small features (fiber and core)
are nicely imaged, they cannot be dimensioned
accurately because the resolution of the system
used is approximately 25 to 35 um. Nevertheless,
the results represent a factor of 5 to 10 improve
ment in resolution over previous industrial CT
systems.

CONCLUSION

Ultrasonic attenuation in monolythic ceram-—
ics was strongly affected by bulk density, grain
size, and pore size. The accuracy of attenuation
measurements was found to be sensitive to speci-
men surface roughness, requiring a surface with
maximum peak-to-valley height of 1 um. Although
less sensitive than attenuation, ultrasonic
velocity was more attractive for estimating bulk
density because measurements were not strongly
affected by surface finish and pore size/grain
size considerations.

Preliminary results with acousto-ultrasonics
indicate that the technique may be useful as an
indicator of composite material quality. A rela-
tionship was demonstrated between a quantity
referred to as the stress-wave factor and elastic
modulus of silicon carbide fiber reinforced sili-
con nitride specimens.

Microfocus radiography and scanning ultra-
sonics were used together to successfully map
pre—existing flaws, and damage incurred by high
velocity pellet impact tests on fiber reinforced
silicon nitride. Radiographs revealed internal
fabrication induced matrix cracks while ultrason-
ics gave a more accurate measure of apparent
delaminations caused by impacting.

Initial studies with a recently developed
high resolution computed x-ray tomography system
applied to ceramic composites showed that 25 to
35 um resolution is attainable. Cross sections
of 140 um silicon carbide fibers with 25 um car-
bon cores imbedded in a silicon nitride matrix
were differentiated from each other.
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FIGURE 2. - EFFECT OF SURFACE ROUGHNESS ON ULTRASONIC
ATTENUATION COEFFICIENT MEASURED ON A SINGLE SAMPLE
OF SINTERED SiC. MAXIMUM PEAK-TO-VALLEY HEIGHT., Ry.
OF THE SPECIMEN WAS VARIED BY GRINDING OR POLISHING.
(FROM REF. 6).
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FIGURE 8. - PHOTOGRAPH OF SiC/SizN, TEST COUPON IMPACTED BY
6.3 MM STEEL BALL AT 20 M/s., LITTLE APPARENT DAMAGE OUTSIDE
POINT OF IMPACT IN CENTER. BOTTOM EDGE WAS SPALLED BEFORE
TESTING.

(A) BEFORE TESTING. (B) AFTER TESTING.

FIGURE 9. - X-RAY RADIGRAPHS OF SiCF/SiSNq TEST COUPON BEFORE AND AFTER IMPACT TESTING. WHITE LINES
INDICATE THE MATRIX WAS CRACKED PRIOR TO TESTING. DAMAGE APPEARS CONFINED TO THE POINT OF IMPACT.
PRE-EXISTING CRACKS DID NOT GROW SIGNIFICANTLY. ALSO SHOWN ARE STRAIN GAGES ATTACHED TO THE BACK-
SIDE OF THE .SPECIMEN TO MEASURE DEFLECTION.
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FIGURE 10. - ULTRASONIC C-SCAN OF SiCF/Siqu
TEST COUPON AFTER IMPACT TESTING. IMAGE WAS
MADE BY RECORDING THE AMPLITUDE OF THE BACK-
WALL ECHO.

(-88-10270

FIGURE 11. - HIGH RESOLUTION COMPUTED TOMOGRAPHY IMAGE OF A CERAMIC MAT-
RIX COMPOSITE. 140 um DIAMETER SiC FIBERS ARE DIFFERENTIATED FROM THE
Si3Nq MATRIX WHICH AVERAGES 60 PERCENT OF THEORETICAL DENSITY. 25 M
CARBON CORES ARE CLEARLY IMAGED. (CT SCAN BY ARACOR).
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