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SUMMARY

A review is presented on research investigations of several acoustic
microscopy techniques for application to structural ceramics for advanced heat
engines. Results obtained with scanning acoustic microscopy (SAM), scanning
laser acoustic microscopy (SLAM), scanning electron acoustic microscopy (SEAM),
and photo-acoustic microscopy (PAM) are compared. The techniques were evalu-
ated on research samples of green and sintered monolithic silicon nitrides and
silicon carbides in the form of modulus-of-rupture bars containing deliberately
introduced flaws. Strengths and Timitations of the techniques are described
with emphasis on statistics of detectability of flaws that constitute potential
fracture origins.

INTRODUCTION

Monolithic silicon carbide and silicon nitride are currently the leading
structural matertals for use in advanced power and propuision system compo-
nents. But, although both have good high temperature stren¢th and oxidation
resistance, they currently exhibit low toughness (brittleness) and unacceptable
variability in their mechanical properties (ref. 1). The brittleness of ceram-
1cs can lead to sudden catastrophic failure under working stresses. These fac-
tors lead to unpredictable performance which i1s the most serious handicap to
the use of monolithic ceramics in load-bearing structures. Moreover, these
problems are aggravated by and usually traceable to poor control over flaw
populations.

Monolithic ceramics are very sensitive to minute flaws so that even flaws
in the 20 to 50 um size range are likely to be critical. One way to assure
reliability is to screen out ceramic parts that contain harmful flaws. Another
approach is to use nondestructive evaluation (NDE) techniques for process con-
trol. This includes use of NDE techniques during processing development
research to detect and to help devise ways to reduce the incidence of harmful
flaws. This report describes the capabilities and 1imitations of several
acoustic microscopy techniques for detecting minute flaws that can severely
reduce the reliability of monolithic structural ceramics.

SCANNING LASER ACOUSTIC MICROSCOPY (SLAM)

A SLAM system is depicted in figure 1, where a continuous wave train pro-
duced by an ultrasonic crystal is transmitted through a material sample. The
waves are modulated by surface roughness, material texture, anomalies and
flaws. Intensity and phase variations of waves reaching the opposite surface
create a disturbance pattern that 1s duplicated on the reflective cover-slip




coupled to the surface. The disturbance pattern is raster-scanned by a laser
beam over an area approximately 2 mm2. The laser beam, modulated by the
pattern, 1s reflected onto a photo-detector and converted into an electronic
signal from which a video image is generated. The video image shows features
within the material sample (cracks, voids, inclusions) that have intercepted
the through-transmitted waves. The SLAM image is refreshed at video frame
rates and 9s usually presented at a magnification of roughly 100X. The sample
may be s1id sideways to get new images at different locations. SLAM images
generated by a 100 MHz crystal appear in figure 2.

The reliability of SLAM for flaw detection in silicon carbide and silicon
nitride was evaluated by introducing known populations of microvoids into
representative samples (ref. 2). Green ceramic powder compacts were seeded
with plastic microspheres from 50 to 530-um diameter. Voids formed after vola-
t111zing the spheres in a preheat treatment. The seeded voids remained after
sintering the compacts into modulus-of-rupture (MOR) bars. The seeded micro-
voids were representative of natural voids that account for roughly 25 percent
of fracture origins found in ceramic MOR specimens (ref. 3). The numbers of
seeded voids of various sizes were sufficient for generating probability-of-
detection (POD) statistics. Results are shown in figure 3.

It 1s evident from fiqures 2 and 3 that surface preparation by polishing
or grinding is needed to enhance the detectability even of near-surface voids
greater than 50-um diameter. Surface roughness affects the signal-to-noise
ratio 1n SLAM images. Moreover, MOR bar samples with as-fired (as-sintered)
surfaces show decreased flaw detectability with increased thickness. Flaw
detectability also depends on the relative coarseness of the material micro-
structure. In silicon carbide samples flaw detectability was found to be sig-
nificantly less than in silicon nitride samples that had a much denser grain
structure (ref. 4).

SLAM is an excellent research tool but has somewhat 1imited applicability
to complex shapes usually found in heat engines. Access to opposing sides of
a test object 4s needed. Applied to simple geometric shapes, SLAM does permit
continuous real-time imaging. SLAM can form a basis for assessing other ultra-
sonic imaging methods and for analyzing wave propagation modes. It can be used
to visualize wave interactions. The size and depth of some types of flaws can
be determined from SLAM image diffraction patterns (ref. 5).

SCANNING ACOUSTIC MICROSCOPY (SAM)

SAM is basically a reflection C-scan technique. As shown in figure 4, SAM
uses a pulse-echo piezotransducer to generate and receive ultrasonic radiation.
Usually, the test object 1s immersed in a 1iquid medium, but other versions
require only a small drop of liquid to help transmit uitrasonic waves. An
acoustic lens focuses the ultrasonic energy. By adjusting the distance between
the transducer and test object surface it is possible to put the focal point
at different planes within the object. Mechanical scanning is used to build
images of features near those planes. The amplitude of the ultrasonic signal
returned to the transducer from within the sample will be nil if there is no
reflector or discontinuity at a given point. Should there be a void, delamina-
tion, or inclusion, the signal strength will vary according to the acoustic
mismatch with the material at that location. The signal strength for each x-y
coordinate point is digitized and added to an image array. Upon complietion of
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a frame scan, the completed image is called up on a video monitor. A SAM image
generated with a transducer operating at a center frequency of 50 MHz appears
in figure 5.

Unlike SLAM images, SAM images are not instantaneous (i.e., not produced
at video frame rates). SAM images are produced by mechanical microscanners so
that it may take up to 10 min to image a 5 mm square area with a 25 um line
resolution. Video frame rates are possible with high-speed, acousto-mechanical
drivers. Then, the scanned area must be several orders smaller. These latter
SAM devices achieve higher magnifications and usually operate at transducer
frequencies exceeding 1 GHz. This calls for metallurgically polished surfaces
that are impractical for the inspection needs contemplated here (ref. 6).

With SAM, access only to one side of a test object and no mechanical con-
tact are needed. SAM can be adapted to curved surfaces by means of articulated
probes. SAM can be used for surface and substrate characterization. By digi-
tizing and saving the signals for each x-y coordinate point a considerable
amount of flaw characterization data can be stored for future retrieval and
analysis. There 1s no 1imit on part thickness but depth of penetration is
primarily 1imited by attenuation of the high ultrasonic frequencies needed to
resolve microflaws. Although much slower than SLAM, SAM produces sharper
images of flaws and allows easier estimation of flaw depth. Precision in flaw
definition flaw location are gained by sacrificing speed since repeated frame
scans are needed with the focal spot positioned at a different depth for each
successive scan.

Figure 6 compares SLAM POD data for seeded microvoids in silicon carbide
and silicon nitride MOR bars. A preliminary SAM datum is plotted in figure 6
to show the roughly tenfold increase in the depth at which 20-um diameter voids
are detected by SAM. The SAM datum is based on 14 detected 20 um voids out of
14 seeded in silicon nitride at a depth of 1000 wm.

PHOTO-ACOUSTIC MICROSCOPY (PAM)

A PAM system is depicted in figure 7. The sample to be inspected is
encliosed in a gas (air) filled acoustic i1solation cell containing a sensitive
microphone. The cell contains a clear window through which a laser beam can
raster scan the sample surface. The laser beam is chopped and its diameter and
intensity are adjusted so that each point hit by the beam is periodically
heated. This results in highly localized thermal cycling of the substrate and
periodic motion of the surface. The resultant pressure fluctuations (sound
waves) in the gas are sensed by the microphone. These acoustic signals are
collected for each x-y coordinate position of the laser beam. The signals are
used to generate maps (1images) of material variations and flaws. The magnitude
and phase of the acoustic waves are related to thermal property variations and
any flaws that are present near the surface. The depth to which flaws can be
detected depends on the material's thermal diffusion length (ref. 7).

PAM is readily adapted to complex shapes by designing appropriate isola-
tion cells to contain them. Of the techniques mentioned so far, only PAM is
essentially noncontacting (SLAM and SAM required Tiquid coupling). Conceptu-
ally, because it does not need 1iquid couplants that would be detrimental, PAM
should be applicable to green samples. But PAM has a serious drawback because
laser beams with intensities sufficient to generate strong acoustic waves can
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mar the surface along the scan lines. Subsequent sintering of the marred sam-
ples apparently causes cracks in the scanned areas that do not appear in the
unscanned areas. Hence, PAM seems inappropriate for green ceramics. Moreover,
continued scanning of green samples tends to release gases that coat the cell
window and occlude the laser beam.

The spatial resolution of PAM images can be made comparable to that of
either SLAM or SAM, but the resolution is obtained by sacrificing scan speed.
For the same spatial resolution, PAM is the siowest of the three techniques.
The ability to detect small flaws depends on scan 1ine density and scan speed.
The laser scan speed is 1imited by thermal inertia. The beam must dwell long
enough at each point to produce a fixed number of thermal oscillations. It may
take roughly 4 hr to scan a 1 cm square area with a 1ine resolution of 25 um.

Surface-connected pores and inclusions 25 um and larger were detected in
sintered silicon nitride. Subsurface pores and inclusions 35 um and larger
were detected to 70 ym below the surface. Voids 200 um in diameter and 200 um
below the surface were missed. Additional detection capabilities are cited in
figure 8 which shows a PAM image of an as-fired silicon nitride sample. In PAM
as in SLAM images background noise tends to be high, apparently because of sur-
face roughness, material microstructural coarseness, and nonresolvable flaw
populations.

SCANNING ELECTRON ACOUSTIC MICROSCOPY (SEAM)

A SEAM system s depicted in figure 9. An electron beam raster scans and
cyclically heats micron diameter areas on the sample surface. To allow elec-
tron beam current flow, it is necessary that the sample be housed in a high
vacuum enclosure which is usually shared with a scanning electron microscope
(SEM) system. Then, the system operates in two modes: SEM and SEAM. The SEM
mode will produce a conventional backscatter electron image of the sample sur-
face. In the SEAM mode the electron beam is of higher intensity and cyclically
modulated, usually at frequencies in the range from 100 Hz to 10 kHz. As each
spot in the rastered area is heated, acoustic emission waves are generated
within the sample. These thermally induced acoustic emissions are modulated
by flaws and other imperfections. The resultant signals are sensed by a piezo-
electric crystal bonded to the sample, usually to the face opposite the one
being scanned. SEM and SEAM images of the same area of a silicon carbide sam-
ple appear in figure 10.

The SEAM technique is certainly appropriate for materials research and for
inspecting microelectronic circuit components and similar articles. Ceramics
and other nonconductors need to be coated with a conducting layer to attract
the beam electrons. A carbon deposit on silicon carbide or silicon nitride
samples also enhances image contrast. The need for a high vacuum environment
can pose a problem for some types of ceramic parts, especially if they tend to
outgas. SEAM images can be produced at rates intermediate between SLAM and
PAM. The image of a 5 mm square area can be generated in roughly 1 min. The
1ine resolution of SEAM is of the order of 5 ym. The spatial resolution of
SEAM images depend on the thermal wavelength while the depth of detection
depends on the thermal diffusion length in the material (ref. 8).

Preliminary investigations on silicon carbide and silicon nitride samples
indicate that SEAM readily images superficial pits, nodules, and natural
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cracks. Surface-connected cracks emanating from Knoop indentations were
resolvabie down to 10 um of length. In silicon carbide seeded voids of 500 um
diameter were readily imaged to a depth of 550 um while 200 um diameter voids
at a depth of 300 uym were missed. In silicon nitride seeded voids of 130 um
diameter were missed at a depth of 200 um.

DISCUSSION

The four acoustic microscopy techniques compared in this paper have the
ability to detect minute flaws in monolithic ceramics. The problem is to
define the relative strengths and limitations of the techniacues. 1Ideally, each
technique should be evaluated in terms of probability of detection (P0OD) sta-
tistics. Otherwise, it 1s impossible to assert the essential merit of any
given technique over another. Accomplishing this proves to be quite difficult
because known populations of different kinds of 1ikely flaws need to be syste-
matically embedded in representative test samples. One frequently-occurring
faillure-causing flaw type can be represented by artificia’ iy implanted micro-
voids. This report covers POD statistics for only one teEﬁh1que. namely SLAM,
to 11lustrate its microvoid detection capability. The SLAM example provides a
touchstone for assessing the relative merits of the remaining acoustic micro-
scopy techniques discussed herein.

Acoustic microscopy techniques should be considered for resolving flaws
in the range from 10 um to several hundred microns. To achieve sufficient spa-
tial resolution i1t 1s necessary to restrict the area to be imaged, typically
from 1 mm¢ to about 1 cm2. Although there may be compelling reasons to
inspect certain critical areas to the 10 um level of resolution, it is cur-
rently impractical to demand that every square millimeter of a ceramic heat
engine part be inspected to that level. Searching for minute flaws and
attempting to resolve each one can lengthen inspection time beyond acceptable
bounds. This situation demands that careful consideration be given to optimum
inspection strategies. These strategies should be guided by analytical identi-
fication of those loct that merit detailed inspection for minute flaws.

Although SAM appears to be the best technique for sintered ceramics no
single acoustic microscopy technique can be cited as the preferred one and none
of the techniques can be eliminated from consideration. If a technique is not
suitable for hardware inspection, then 1t may be preferred as a research tool.
Each technique has at least one desirable feature lacking in the others. For
example, SAM gives better flaw detection and definition than SLAM, but SLAM
gives immediate images while SAM takes more time to image the same area.

The findings presented in this paper were obtained through research con-
ducted at or under contract to the NASA Lewis Research Center. Each acoustic
microscopy technique was viewed relative to its applicabiliity to green state
and fully densified (e.g., sintered) ceramic components. Convenience in exam-
ining parts having compliex shapes was also considered. Techniques that do not
require contact probes are preferred for ease of inspection and, particularly,
to avoid perturbing green state compacts. Ultrasonic methods usually require
probes that make contact through a coupling medium. Noncontact methods that
use lasers for producing and sensing ultrasonic waves are attractive alterna-
tives. Of the methods described herein PAM uses a laser beam to produce ultra-
sonic waves while SLAM uses a laser beam to detect ultrasonic signals that have
propagated through a part.



At this writing, there exists no single acoustic microscopy technique that
provides totally practical "laser-in, laser-out" ultrasonic flaw imaging. One
technique that offers noncontact laser imaging capability is the so-called
mirage technique. In the mirage technique a normally incident chopped laser
beam heats a spot on the surface. A second laser beam that crosses the first
while just skimming parallel to the surface is defiected by the air lens formed
due to heating. The deflection is related to the flaws or substrate anomaiies
at the heated spot (ref. 9). Other noncontact approaches belonging to this
thermal wave imaging genera utilize infrared emission or probe beam reflection
to detect flaws and anomaltes. These latter techniques are under study and
have reported resolutions of the order of 1 ym. Of course, this resolution
capability is won at the expense of long times needed to produce an image.
Moreover, they are subject to effects of surface roughness, curvature, adsorbed
layers, and binders/volatiles in green state materials.

CONCLUSION

This paper reviewed acoustic microscopy techniques suitable for flaw
detection and imaging in monolithic ceramics. The capabilities and limitations
of four techniques were described and compared: scanning laser acoustic micro-
scopy (SLAM), scanning acoustic microscopy (SAM), photo-acoustic microscopy
(PAM), and scanning electron acoustic microscopy (SEAM). Although the review
given herein was not comprehensive, it did attempt to indicate the nature and
current advantages and disadvantages of the aforementioned techniques. The
main conclusion is that although SAM appears to be a versatile high resolution
detection technique, it would be inappropriate to exclude the others from con-
sideration in special cases or as means to augment or corroborate SAM. It was
also pointed out that acoustic microscopy is by nature time-consuming and
highly dependent on factors 1ike surface roughness whenever flaws of the order
of 30 um or less are sought. This demands that use of acoustic microscopy
techniques be based on carefully considered strategies for their application
to actual hardware.
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