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SUMMARY

Scanning photoacoustic microscopy (SPAM) and related thermal wave imaging
techniques are emerging as methods of non-destructive evaluation (NDE),
applicable to surface and near-surface characterization. The usefulness of

these methods results from sensitivity to thermal properties, such as
diffusivity and boundary conditions, near the point on the surface being

probed. Through this sensitivity to localized thermal properties, scanning

photoacoustic microscopy can examine beneath the surface of an opaque
material for voids, closed or open cracks, and inclusions. The maximum
probe depth is approximately 2 mm, and the technique is particularly

sensitive to flaws at depths from about 1 micron to 300 microns. The probe
depth can be controlled experimentally. SPAM is also well suited to
automatic data acquisition.

Some applications of SPAM and related thermal wave techniques to the studies
of: aluminum with dispersed Al2 03 particles; surface roughness standards;
and rubber track shoe pad material have been described in the Interim Report
No. 12668, July, 1982. Similar applications for: thermal wave images for
color encoding at TACOM; coated samples; surface geometry; and dispersion in
rubber samples have been described in the Interim Report No. 12957, June,

1984.

In this final report, the best photoacoustic detection techniques for
imaging intrinsic rubber structure; thermal wave studies of ceramic coated

samples; thermal wave imaging of hollow turbine blades; and the capabilities
of photoacoustic microscopy on monolithic silicon nitride and silicon
carbide ceramics are discussed.
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1.0. INTRODUCTION

1.1. Applications.

Scanning Photoacoustic Microscopy (SPAM) is an emerging nondestryctive
evaluation (NDE) technique, initiated at Wayne State University. It is
applicable to surface andln•ar surface characterization. Research in our
laboratory and elsewhere is establishing the experimental and
theoretical framework for interpreting SPAM micrographs for a Nariety of
subsurface defects. These include g simulated subsurface void , 7 8
delaminations in layered s ructures , closed, lateral subsurface cracks ' $
and closed slanted cracks. SPAM has aly 8 been applied to complex shaped
parts such as turbine engine components.

1.2. Technical Principles.

1.2.1. Thermal Wave Generation. Detailed descriptions of SPAM and its
potential fE 1aondestructive evaluation (NDE) applications are given in the
literature. Essentially, the technique may be thought of as thermal
wave imaging, where an intensity-modulated and focused laser beam (electron
beams or ion beams may also be used) establishes a point source of heat
which varies in time at the modulating (or "chopping") frequency. The beam
is scanned over the sample surface to generate, one point at a time, a
photoacoustic image.

The temperature (T) within the sample, beneath the point on the surface
being probed, is a function of time (t) and depth (x). These variations can
be modeled by solving the one-dimensional thermal diffusion equation for a
semi-infinite solid whose temperature at the boundary is a periodic function
of time. Assuming a sinusoidal variation, the steady-state solution is of
the form

T(x,t) = T exp[i(qx - wt)],0

where i = square root of - 1 and q, w, are explained below. The temperature
in the solid is periodic in space and time. The space variable is a complex
quantity with equal real and imaginary parts, so the thermal wave is very
highly damped spatially. Significant temperature variations extend only to
one or two multiples of the thermal wavelength. The thermal wavelength,
X = 27/Re(q), is defined as 27(2k/wpc) , where W/2f = the heat source
modulating frequency, and k, p, and c are the thermal conductivity, density
and heat capacity of the material. The thermal wave accordingly probes only
the region close to the surface, the depth of which can be varied
experimentally by adjusting the laser (or other heat source) modulation
frequency. Typically, the probed depth can be varied experimentally from
100 Pm to %2mm. Defects between the surface and that depth are detectable

due to variation in thermal properties or discontinuities in thermal
properties. Photoacoustic signals are also sensitive to variations in
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surface conditions, as will be described as part of the present work.

1.2.2. Thermal Wave Signal Detection Methods. Thermal wave imaging can be
performed with any of several thermal wave detection techniques. One method
uses a sensitive microphone in conjunction with a gas cell surrounding the
point being probed. As the point is alternately heated and cooled, it in
turn heats and cools the air (or other gas) in its vicinity, generating an
acoustic (sound) signal which the microphone detects. Another technique is
optical mirage-effect detection (MIRAGE), whereby a separate laser probe
beam is directed parallel to the material surface through the air above the
point being probed. The gradient in optical index of refraction of the air,
associated with the temperature gradient in the air, causes a deflection of

the probe laser beam. This deflection is detected by a position sensor and
is the MIRAGE signal.

Thermal wave signals generated by a microphone or probe laser system have
both an amplitude and a phase (relative to the heating laser modulation).
Thermal wave images can be generated by recording the amplitude or phase of
the signal as a function of position as the relative position between the
heating point and the surface of the material under study is scanned.

1.3. Comparison of Methods.

A detailed comparison of gas-cell and MIRAGE techniques for detecting
slanted cracks has recently been carried out by the Wayne State research
group. The results were that MIRAGE detection is especially useful in
detecting vertical cracks, and has the advantage of noncontact with the
surface being probed. This advantage is evident in the thermal wave images
of cracks in monolithic silicon nitride and silicon carbide ceramics,
presented in Section 5.0 of this report. A disadvantage of MIRAGE is that
the geometry of the specimen must allow access by the probe beam, from
source to detector, to a line nearly tangent to the surface at all points to
be probed.

1.4. Data Collection and Processing.

These thermal wave scans are controlled by a microprocessor and digital data
acquisition and storage techniques are employed. Most of the data
presentations will be in the form of gray scale micrographs. These are
generated by feeding a digital to analog (D/A) converter from the
microprocessor memory and using the output to intensity-modulate the
electron beam of a CRT display. The display is then photographed with an

oscilloscope camera. In these photographs, typically a 6.35 Pm x 6.35 Pm
pixel is used (I step x I step of the x-y stages), resulting in 12,500 to

22,500 points. In some cases, where a larger area is to be scanned, a
larger pixel is used. Since the gray scale resolution of the data (8 bits,
or 256 gradations) considerably exceeds that of the CRT/film display, the
authors have used computer-generated perpective plots in some cases. In
addition, the high-resolution color graphics capability at TACOM was used to
enhance the display of information generated by the SPAM process. In 1 1ome
instances (e.g., our earlier analysis of the roughness standards data ), a
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microcomputer is used to analyze the data for comparison with conventional
measurements of average properties.

In summary, SPAM is applicable for surface and near subsurface NDE, with a
depth range which can be varied experimentally. The authors have calculated
the thermal wave scattering expected theoretically from simple subsurface
defects and found excellent agreement with experiments on fabricated defects
in uniform materials. Characteristic signatures have been identified which
allow these defects to be discriminated from one another. Thermal wave
imaging is also well suited to automatic data acquisition.

2.0. TECHNIQUES FOR IMAGING INTRINSIC RUBBER STRUCTURE

2.1. Data Link Between Wayne State and TACOM.

In order to circumvent the limited gray scale resolution of the CRT/black
and white film display, and to use more of the inherent resolution (8 bit)
of the data, a digital data transfer link was established between the
authors' laboratory at Wayne State University and TACOM. This enables
thermal wave images to be transferred in a format which is compatible with
the Hewlett-Packard computer system at the Survivability Research Division
of TACOM's Tank-Automotive Concepts Laboratory. Images with at least 10,000
points (100 x 100) obtained from several different specimens have been
transferred.

2.2. Images Encoded.

A perspective plot and conventional gray scale thermal wave images of four
samples are presented in Figs. 1-4. Fig. I shows a four-phase perspective
plot of a brittle fracture region beneath a Knoop-indented SiC surface,
where gas-cell detection was used. In each of the four separate plots in
Fig. 1, the magnitude (height) at a given position represents the component
of the photoacoustic signal projected along a phase-vector (phasor) with a
given phase relative to the heating laser modulation. Hence, in the - 90
degree plot, the height at each point represents the value of that component
of the photoacoustic signal which lags 90 degrees behind that for which the
corresponding signal from the undamaged region is maximized.

The authors have demonstrated elsewhere8 that this characteristic phase
dependence is to be expected for thermal wave scattering from a field of
closed, lateral cracks which are thermally close to the surface
(depth % t). These images have also been displayed using the
high-resolution color graphics monitor at TACOM.

Fig. 2 shows an optical image, two gas-cell thermal wave images (magnitude
and phase), and a MIRAGE image of an open, nearly vertical fatigue crack in
an aluminum alloy. Phase image refers to a thermal wave image where changes
in phase, rather than of magnitude, of the received signal are recorded.
Fig. 3 shows optical and gas-cell thermal wave images of another aluminum
alloy, both of which are composites of a number of smaller images arranged

11
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Fig. I Photoacoustic microscope (SPAM) thermal wave images of a brittle
fracture region beneath a Knoop-indented SiC surface at a frequency
of I kHz. The four segments of the figure are successive scans of
the same region of the sample with four different settings of the
phase of the lock-in amplifier. A detailed description is given in

Ref. 3.
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Fig. 2 An optical image (top), Gas-cell thermal wave magnitude (middle),
and a MIRAGE thermal wave image (lower) of an open, nearly vertical
fatigue crack in an aluminum alloy. A detailed description is given
in Ref. 7.
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Fig. 3 Composite optical and SPAM micrographs of a 400 x 400 point region

of an aluminum alloy containing fatigue cracks which are apparently

smaller in length than our present detection capability (% 30 vIm).

A detailed description is given in Ref. 7.
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Fig. 4 SPAIM magnitude and phase perspective plots (top) and gray scale
images (bottom) of a 450 slanted fabricated crack in an aluminum

alloy. A detailed description is given in Ref. 9.
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to illustrate a 400 x 400 point region. This sample has fatigue cracks
which are too short for our present detection capability (% 30 pm). Color
images have been prepared using the same thermal wave data, but the small
cracks are still not detectable. Fig. 4 illustrates gas-cell magnitude and
phase images as both gray scale images and perspective plots of a 45 degree
slanted fabricated crack in an aluminum alloy, which have been explained
theoretically in Reference 9. The crack is slanting in the direction
indicated at the top of Fig. 4.

2.3. Subsurface Defect in Rubber Sample ABR

In order to determine the best photoacoustic detection techniques, we have
carried out an experiment using the MIRAGE technique (normal deflection) to
detect thermal wave scattering from specially prepared subsurface defects in

a sample of Rubber ABR (Sample A, Black-loaded, Rough surface). These
defect samples are described schematically in Figs. 5 and 6. Sample
preparation consisted of : (1) Cutting a block of Rubber ABR to dimensions
18.0 mm x 16.5 mm x 3.91 mm, (2) Polishing both large faces of the rubber

sample until smooth, (3) Cooling the sample to liquid nitrogen temperature
and drilling several flat-bottomed holes with a 1/16" end-mill, and (4)
carefully polishing the top surface to obtain the thinnest possible wall
thicknesses to the subsurface holes. Some of the holes were left as
air-filled holes, some were filled with aluminum powder, and others were
filled with press-fitted aluminum rods, as depicted in Figs. 5 and 6.

Line scans of the normal deflection (magnitude and phase) of the optical
probe beam as a function of position across the thin wall regions above the
subsurface holes are shown in Figs. 7-10. From the frequency dependence of
these scans from 2.5 Hz to about 100 Hz (above which the subsurface holes
are essentially undetectable), it is demonstrated that thermal wave imaging
of subsurface features in this material is indeed possible. The fact that
very low modulation frequencies are required is entirely consistent with the
known poor thermal diffusivity of rubber (we have aj o confirmed this
conclusion using transverse deflection measurements of the thermal
diffusivity of Rubber Sample 901-83C, described below). This also makes
clear the advantage of optical detection, which can be carried out at
frequencies as low as I Hz. An area scan of one of the aluminum-rod-filled

subsurface holes is shown in Fig. 11.

2.4. Samples of Good Dispersion and Poor Dispersion Rubber

The following rubber samples (fabricated by Mr. J.R. Beatty, 2102 Wyndham
Road, Akron, Ohio 44313) were supplied by TACOM for thermal wave imaging
dispersion studies:

1. Pure gum of peroxide and synthetic polyisoprene
(Sample 901-83A)

2. 10 phr N326 (low structure HAF) good dispersion
(Sample 901-83C)
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First Lapig

Rubber ABR
hole

LO4,
-6.5 mm fb .I &" t."cks

I 2ý 30 40 Wall Thickness (Units: mUi)
I .200w0 : 0 (Al rod).zo" 01:I 12 191A I(Al rod)

18.1 1:-200 10 -2- 2 '3:12
"3: 14 (Al powder) *3: 1

40 30 20 *4-16 *4:18

The diameter of the open holes is 1/16"
(The diameter of the Al rod is 65 mils)

(View from the open -hole side)

Fig. 5. Schematic diagram of Rubber ABR sample with prepared subsurface
defects.
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Sample Preparation:
(1) A sample of 16.0mm x 16.5mm x cooled while several holes are

3.91 mm is cut from a ABR rubber drilled with an end mill of 1/ 16.
block. (4) The upper face of the sample is

(2) Both faces of the block are pol- lapped and polished to the pos-
ished until smooth. sible thinnest wall thickness.

(3) The sample is kept liquid-nitrogen-

Cylindrical Hole with Air
Hole Diameter : 1.59 mm (0.0625")

0 Wall Thickness • 0.30 mm (0.012-)

(Unit mm)

Cylindrical Hole with AlPod
0.36

Hole Diameter 1 .59 mm (0.0625")

.9' Wall Thickness : 0.36mm (0.014")

(Unit: mm)

Cylindrical Hole P= filed with Al Rod

Hole diameter: 1.59mm (0.0625")
Al-rod diameter: 1.65mm (0.0627')

__ _ _ _ _ Wall thickness 0.2&m= (0.0 11')

(Uut: mm)

Fig. 6. Schematic diagram of cylindrical-shaped subsurface defects in Rubber
ABR sample
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2.5 Hz

4.5 Hz

8.5 Hz

10 Hz

25 Hz

50 Hz

Fig. 7. Frequency dependence of thermal wave MIRAGE effect, normal
deflection magnitude signals for the Rubber ABR cylindrical hole

with air (see Fig. 6). The length of the scans is 2.54 mm.
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2.5 Hz

4.5 Hz

9.0 Hz

25 Hz

K 50 Hz

L W 100 Hz

Fig. 8. Frequency dependence of thermal wave MIRAGE effect, normal
deflection magnitude signals for the Rubber ABR cylindrical hole
filled with aluminum powder (see Fig. 6). The length of the scans
is 2.54 mm.
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2.5 Hz

4.5 Hz

8.5 Hz

fM16 Hz

S25 Hz

S50 Hz

Fig. 9. Frequency dependence of thermal wave MIRAGE effect, normal
deflection magnitude signals for the Rubber ABR cylindrical hole
filled with an aluminum rod (see Fig. 6). The length of the scans
is 2.54 mm.
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2.5 Hz

4.5 Hz

8.5 Hz

16 Hz

25 Hz

S50 Hz

Fig. 10. Frequency dependence of thermal wave MIRAGE effect, normal
deflection phase signals for the Rubber ABR cylindrical hole filled
with an aluminum rod (see Fig. 6). The length of the scans is 2.54
mm.
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Fig. 11. Thermal wave MIRAGE effect image at a frequency of 100 Hz, using the
normal deflection magnitude signal, of a 2.54 mm x 2.54 mm area of
the surface of the Rubber ABR sample above the cylindrical hole
filled with an aluminum rod (see Fig. 6).
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3. 10 phr N326 poor dispersion
(Sample 901-83B)

4. 10 phr Coarse Whiting (calcium carbonate) good dispersion
(Sample 901-83E)

5. 10 phr Coarse Whiting poor dispersion
(Sample 901-83D)

one side of each sample was cured against a smooth plate. Mr. Beatty
reported that it was difficult to make a poor dispersion, even though N326
black was used (it is known to be somewhat more difficult to disperse than
the high structure blacks). Additionally, he reports that the whiting or
calcium carbonate is the coarsest pigment grade used in the rubber
industry.

2.5. Thermal Wave Images of Good Dispersion and Poor Dispersion Rubber

The thermal wave images shown in Figures 12 - 16 were obtained by
monitoring the magnitude of the normal deflection MIRAGE signal for each
of the five rubber samples which were supplied. For each sample, images
are shown for two modulation frequencies (400 Hz and I kHz). A scanned
optical reflectivity image of the identical region is also included for
each sample.

3.0. STUDIES OF CERAMIC-COATED SAMPLES

3.1. Thermal Wave Images of Ceramic-Coated SiC-6

Specimens of ceramic-coated (chemical vapor deposited [CVD] SiC) samples
were provided by TACOM to test the ability of thermal wave imaging to
assess coating thickness. The samples were fabricated by San Fernando
Laboratories, 10258 Norris Ave., Pacoima, CA 91331. Thermal wave MIRAGE
(magnitude of the normal deflection) images, together with corresponding
scanned optical images of five different regions of Sample I-ND (a CVD SiC
coating 0.003" thick on a substrate of SiC-6, which is a graphite with a
coefficient of thermal expansion matched to SiC, are show in Fig. 17. The
signal-to-noise ratio is good, and the granularity of the coating is quite
evident in-these images. This granularity can be thought of as
constituting an irreducible 'material noise' for such a sample, however,
and may determine the lower size limit for defect detection.

3.2. Thermal Diffusivity Measurements of Ceramic-Coated SiC-6

14
On the basis of other measurements of coated materials , we have
determined the best thermal wave method for characterizing such coatings
is one which is sensitive to lateral heat flow along the surface of the
coating. In particular, the quantity we choose to measure is the in-phase
transverse MIRAGE signal as a function of the transverse offset between
the positions of the probe beam and the he4ting beam as the heating beam
is scanned across the (fixed) probe beam.14 Three such traces are shown
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Fig. 12. Representative MIRAGE thermal wave and scanned optical images of
Rubber Sample 901-83A (pure gum of peroxide and synthetic

polyisoprene) [ a) 400 Hz scanned optical; b) 400 Hz MIRAGE
magnitude; c) 400 Hz MIRAGE phase; d) 1 kHz MIRAGE magnitude; e)
1 kHz MIRAGE phase].
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Fig. 13. Representative MIRAGE thermal wave and scanned optical images of
Rubber Sample 901-83C (10 phr N326, low structure HAF, good

dispersion) [ a) 400 Hz scanned optical; b) 400 Hz MIRAGE magnitude;

c) 400 Hz MIRAGE phase; d) I kHz MIRAGE magnitude; e) I kHz MIRAGE

phase]. The bright vertical bars in b) and c) are artifacts.
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Fig. 14. Representative MIRAGE thermal wave and scanned optical images of

Rubber Sample 901-83B (10 phr N326 poor dispersion). [ a) 400 Hz

scanned optical; b) 400 Hz MIRAGE magnitude; c) 400 Hz MIRAGE phase;

d) 1 kHz MIRAGE magnitude; e) 1 kHz MIRAGE phase].
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Fig. 15. Representative MIRAGE thermal wave and scanned optical images of
Rubber Sample 901-83E (10 phr Coarse Whiting, calcium carbonate,

good dispersion). [ a) 400 Hz scanned optical; b) 400 Hz MIRAGE
magnitude; c) 400 Hz MIRAGE phase; d) I kHz MIRAGE magnitude; e)
1 kHz MIRAGE phase].
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Fig. 16. Representative MIRAGE thermal wave and scanned optical images of
Rubber Sample 901-83D (10 phr Coarse Whiting, poor dispersion [ a)
400 Hz scanned optical; b) 400 Hz MIRAGE magnitude; c) 400 Hz MIRAGE
phase; d) I kHz MIRAGE magnitude; e) 1 kHz MIRAGE phase].
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Fig. 17. Thermal wave MIRAGE thermal wave and scanned optical images of five

different regions on the same ceramic-coated sample (Sample I-ND, a

CVD SiC coating 0.003" thick on a substrate of SiC-6).
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in Fig. 18, for the case of InSb. The quantity, x, shown in Fig. 18, is
the easily determined separation between the closest noncentral
zero-crossings of the signal, and is directly related to the_ Mrmal
wavelength in the material. Plots of this R antity versus f (see Fig.
19) directly yield the thermal diffusivity. Furthermore, if one
compares such plots between coated and uncoated regions of 140.5 mil thick
AEP 32 coating on a nickel-based (713C) alloy turbine blade (Fig. 20),
differences between the coated and uncoated regions are clearly evident.
In Figs. 21-25, we present similar plots for a CVD SiC ceramic coating on
a SiC-6 substrate, and for four different thicknesses of CVD SiC ceramic
coatings on ZrO2 substrates. Comparing Figs. 21-25 shows that the slope
of the plots at low frequencies is determined by the thermal diffusivity
of the substrate.

4.0. IMAGING OF HOLLOW TURBINE BLADES

Recently, several of us have carried out resolution studies of thermal wave
imaging , including a series of experimental and theoretical investigations
of thermal wave scattering from subsurface "targets". Targets of
rectangular, spherical, and cylindrical geometry were considered for
different depths (as a fraction of the thermal wavelength). Of particular
relevance to the problem under consideration here, namely a cooling passage
in a metal turbine blade, are the partial wave expansion calculations for
the case of a cylindrical target of relatively poor thermal conductivity
(air), and the confirming experimental results. The results of these
calculations and experiments are summarized in Figs. 26 and 27,
respectively. The experiments were carried out using the normal deflection
MIRAGE technique with the probe beam perpendicular to the direction of the
channel. The frequency dependences of both the magnitude and the phase of
the signal are in good agreement with the theoretical predictions. This was
also found to be the case for thermal wave scattering from a subsurface
cylinder of relatively high thermal diffusivity as well as for spherical
subsurface objects.

The results of the studies described above for simple geometries, and in
particular for a subsurface cylindrical air hole parallel to the top surface
of a metal, are now applied to a practical problem. In Fig. 28, we present
the results of similar measurements on a section of a TF30 first stage
turbine blade, thermally imaging two cooling air holes at the trailing edge
of the blade. The MIRAGE (magnitude of the normal deflection) technique was
used, at a frequency of 5.4 Hz, in order to detect the holes, which are
thermally quite deep (compare Figs. 26 and 27 above). The cooling holes are
indeed detectable, although the signal is most sensitive to the section of
the cylindrical boundary which is closest to the top surface. This signal
decreases rapidly in strength for scattering from deeper sections of the
surface.

We also scanned sections of the surface of this blade for which previous
radiographic studies had indicated the possible presence of subsurface
defects. The results of such a scan are shown in Fig. 29.
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Fig. 18. Line traces showing the frequency dependence of the zero crossings
(x) for the in-phase component of the transverse MIRAGE deflection
for a single crytal of InSb.
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Fig. 19. A graph of the measured zero crossings (x) for Cu, Al, SiC, In,
Si 3N 4)and InSb, plotted as a function of inverse-square-root
frequency. The measured slopes give values for the thermal
diffusivlies of these materials that are in good agreement with
those found in the literature.
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Fig. 20. A graph of the measured zero crossings (x) for a coated nickel-based

super-alloy (IN 738) plotted as a function of inverse-square-root

frequency, for both the coated and uncoated portions of the sample.
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Fig. 21. A graph of the measured zero crossings (x) for ceramic-coated sample

i -ND (0.0033p coating of CVD SiC on a Si(-6 substrate.
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Fig. 22. A graph of the measured zero crossings (x) for ceramic-coated sample

1-ND (0.0033" coating of CVD SiC on a ZrO2 substrate.
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Fig. 23. A graph of the measured zero crossings (x) for ceramic-coated sample

2-A (0.0058" coating of CVD SiC on a ZrO2 substrate.
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Fig. 24. A graph of the measured zero crossings (x) for ceramic-coated sample

3-B (0.007" coating of CVD SiC on a ZrO2 substrate.
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Fig. 25. A graph of the measured zero crossings (x) for ceramic-coated sample
1-A (0.0013" coating of CVD SiC on a ZrO2 substrate.
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Fig. 26. Theory5 for the thermal wave scattering from a subsurface cylinder
of much lower thermal diffusivity than the host material.
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Fig. 27. Experimental results15 for the thermal wave scattering from a

subsurface cylinder of much lower thermal diffusivity than the host

material.
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Fig. 28. Thermal wave MIRAGE (magnitude of the normal deflection) image of

two cooling air holes at the trailing edge of a TF30 first stage

turbine blade at a frequency of 5.4 Hz (compare with Figs. 26 and 27

above).
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Fig. 29. Thermal wave MIRAGE (magnitude of the normal deflection at 100 Hz)
image of a region of a TF30 first stage turbine blade for which
previous radiographic studies had indicated the possible presence of
subsurface defects.
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5.0. MONOLITHIC Si3N4 AND SiC CERAMICS

5.1. Specimens.

The following monolithic Si N, and SiC specimens were provided by Robert
3-4

Brokelman of the Army Materials and Mechanics Research Center.:

Specimen No. 1 - Hot Pressed Silicon Nitride - NC132. One surface had been
subjected to the following regular surface machining procedures: (a) rough
grind with 120 grit wheel a total depth of 0.010". All grinding was
parallel to the long axis of the sample with a removal rate of 0.0005" per
pass; (b) finish grind with a 320 grit wheel an additional depth of 0.002".
All grinding was parallel to the long axis of the sample with a removal rate
of 0.0001" per pass. This procedure is considered to be a good machining
practice for the AMMRC applications of this material, even though it can be
expgcted to leave a network of cracks on the surface that extend about 20 x
10 meter (20 microns) deep. The other side of the specimen had a degraded
surface produced by rough grinding at a much more severe removal rate as
follows: (a) rough grind with a 120 grit wheel a total depth of 0.010".
All grinding was parallel to the long axis of the sample with a removal rate
of 0.003" per pass; (b) finish grind with a 320 grit wheel an additional
depth of 0.002". All grinding was parallel to the long axis of the sample
with a removal rate of 0.0001" per pass. A crack network considerably
deeper than that produced by the regular surface machining procedure should
result. However, since both surfaces were finish ground the same, they
should look identical in a visual or microscopic examination.

Specimen No. 2 - Hot Pressed Silicon Carbide. This specimen was subjected
to the same machining operations as Specimen No. 1.

Specimen No. 3 - Hot Pressed Silicon Nitride - NC132. This specimen was
machined according to the regular procedure and then subjected to a
temperature of 1200 C for 24 hours in air. This exposure usually causes a
25-50 reduction of strength. The mechanism of degradation is the formation
of surface pits (roughly spherical) approximately 75 microns in diameter and
one millimeter apart. The entire surface is sealed with an oxide layer
(SiO 2) which obscures the observations of such pits.

Specimen No. 4 - Hot Pressed Silicon Nitride - NC132. This specimen
contains a row of three Knoop hardness machine-induced cracks on each large
surface. The Knoop hardness indentations have been subsequently removed by
machining, leaving semielliptical cracks on the surface. One surface
contains cracks induced with a 2.7 kilogram Knoop load. The cracks are
approximately 140 microns long by 70 microns deep on this surface. On the
other side, a 1.7 kilogram load was used to produce cracks 110 microns long
by 50 microns deep.

Specimen No. 5 - Hot Pressed Silicon Carbide. This specimen also contains
surface cracks produced by 2.7 kilogram and 1.7 kilogram Knoop loads. The
2.7 kilogram load generated cracks approximately 130 microns long by 70
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microns deep on one surface. On the other surface, the 1.7 kilogram load
produced cracks approximately 130 microns long by 50 microns deep.

5.2. Thermal Wave Images of Monolithic Ceramics.

Specimen No. 1 - Thermal wave images for the regularly machined surface (R)
and the degraded surface (D), taken with the normal deflection MIRAGE
technique, are shown in Figs. 30 and 31, together with the corresponding
scanned optical reflectivity images. While the machining marks are evident,
it is not immediately obvious how the data differ for the two machining
processes.

Specimen No. 2 - Images similar to those taken for Specimen No. 1 were also
taken for Specimen No. 2, and are shown in Figs. 32 and 33. The conclusions
are the same for this silicon carbide specimen as they were for the silicon
nitride material.

Specimen No. 3 - A thermal wave (normal deflection magnitude MIRAGE
technique) image and the corresponding scanned optical image for this
heat-treated specimen are shown in Fig. 34. There are a number of more or
less circular defects evident in the thermal wave image. Also, the sizes of
these defects are close to the expected sizes of the surface pits, although
their spacing is clearly much closer than the expected one millimeter (see
Sec. 5.1). Also note that the thermal wave image is quite different from
the scanned optical image of the identical region.

Specimen No. 4 - Since the cracks are expected to be nearly vertical, the
thermal wa e method of choice is the transverse deflection MIRAGE
technique. Corresponding thermal wave and scanned optical images of both
surfaces in the vicinities of one of the larger cracks and one of the
smaller cracks are shown in Fig. 34. A comparison between the thermally
deduced crack length and the nominal optical length (see Sec. 5.1) is given
in Table 1. At this time, the theory is not sufficiently well developed to
deduce the depth of the crack from the frequency dependence of the thermal
wave signal, however, these same cracks were not observed by other NDE
techniques.

Specimen No. 5 - Images similar to those described above for Specimen No. 4
are shown for Specimen No. 5 in Fig. 36.

6.0. RECOMMENDATIONS

6.1. Intrinsic Rubber Structure.

We have demonstrated that thermal wave imaging is capable of detecting
subsurface structure. It is not obvious how these images correlate with the
mechanical properties of interest. Furthermore, special care must be taken
to insure that the thermal measurements are nondestructive. We have seen
that the thermal diffusivity of rubber is poor, thereby limiting the depth
(or equivalently, restricting the modulation frequencies to very low
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Fig. 30. Thermal wave MIRAGE (magnitude and phase of the normal deflection at

1 kHz) and scanned optical images for the regularly machined surface

(R) of silicon nitride Specimen No. 1. [ a) optical; b) MIRAGE

magnitude; c) MIRAGE phase ].
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Fig. 31. Thermal wave MIRAGE (magnitude and phase of the normal deflection at
1 kHz) and scanned optical images for the degraded surface (D) of

silicon nitride Specimen No. 1. [ a) optical; b) MIRAGE magnitude;
c) MIRAGE phase ].
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Fig. 32. Thermal wave MIRAGE (magnitude of the normal deflection at 1 kHz)

and scanned optical images for the regularly machined surface (R) of

silicon carbide Specimen No. 2. [a) optical; b) MIRAGE magnitude].
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Fig. 33. Thermal wave MIRAGE (magnitude of the normal deflection at 1 kHz)
and scanned optical images for the degraded surface (D) of silicon
carbide Specimen No. 2. [ a) optical; b) MIRAGE magnitude ].
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Fig. 34. Thermal wave MIRAGE (magnitude and phase of the normal deflection at
1 kHz) and scanned optical images for the heat-treated specimen of
silicon carbide (Specimen No. 3). [ a) optical; b) MIRAGE
magnitude; c) MIRAGE phase ].
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Fig. 35. Thermal wave MIRAGE (in-phase component of the transverse deflection
at 1 kHz) and scanned optical images for the Knoop indented surfaces
of silicon nitride Specimen No. 4. [ top: 2.7 kG load indentation
crack; bottom: 1.7 kG load indentation crack].
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Fig. 36. Thermal wave MIRAGE (phase [top], in-phase component [bottom] of the
transverse deflection at ikHz) with scanned optical images for the
Knoop indented surfaces of silicon carbide Specimen No. 5. [top:
2.7 kG load indentation crack; bottom: 1.7 kG load indentation
crack].
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values), with correspondingly poor signal-to-noise ratios. The authors
recommend that further studies be made using a simple measurement of the
thermal diffusivity for different regions of a given sample, and then for
samples of different known mechanical properties. Such a study would assess
the possibility that the variations in mechanical properties might correlate
with variations in locally averaged thermal properties.

6.2. Ceramic-coated Samples.

The results of these studies suggest that further systematic work on the
MIRAGE technique as applied to thermal diffusivity measurements could be
very useful in characterizing coatings. Both experiments and theory will be
required. The observed frequency dependences for this series of coatings
has indicated sensitivity both to the nature and thickness of the coating
and also to the relative thermal properties of the substrate. Imaging of
defects at the interface also should be possible.

6.3. Hollow Turbine Blades.

Both theory and experiment are now well understood for the case of a
cylindrical subsurface hole parallel to the surface of a metal alloy. Such
a hole can be detected thermally from the top surface, provided that its
shallowest surface is within about one thermal diffusion length
(controllable by changing the frequency of the thermal wave) of the top
surface. Resolution of progressively deeper regions of the cylindrical wall
deteriorates rapidly because of the exponential decay of the thermal waves.

6.4. Monolithic Si N and SiC Samples.

The results of these studies have been encouraging. The transverse
deflection MIRAGE technique is easily capable of detecting small, vertical,
'half-penny-shaped' cracks in these ceramics. It also seems likely that our
thermal wave images of the heat-treated silicon nitride specimen have
detected the expected small pits from surface oxidation. The results on the
surface machining damaged samples are less conclusive. Although the damage
is observed thermally, quantitative comparison with the degree of damage
would be difficult on the basis of these images alone. Further studies of
machining damage as well as heat-treated samples are recommended.
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