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HIGHLIGHTS

Detection of electric-discharge machined notches in a silicon carbide
tube by an ultrasonic bore-side probe under microcomputer control has been
demonstrated. Use of the reflection mode has been shown to enhance the sensi-
tivity of flaw detection with an acoustic microscope. In this configuration,
the transducer and laser-scanned coverslip are both on the tube outer surface,
eliminating the need to fill the tube with water. A conceptual design is
presented for inspecting tubes up to seven feet long in both through-trans-
mission and reflection-mode configurations. A comparison of NDE techniques
for ceramic butt joints showed holographic interferometry to be generally
better than dye-penetrant, radiographic, or ultrasonic techniques for charac-
terizing a crack-like inner-wall defect. Pitch-catch and pulse-echo ultra-
sonic techniques also indicated the presence of an anomaly in the region
identified as flawed via holography, while radiographic and penetrant-testing
results were ambiguous.



DEVELOPMENT OF NONDESTRUCTIVE EVALUATION TECHNIQUES
FOR HIGH-TEMPERATURE CERAMIC HEAT EXCHANGER COMPONENTS

Twelfth Quarterly Report
July-September 1980

D.S. Kupperman, M.J. Caines, and D. Yuhas*
I. INTRODUCTION

High-temperature ceramic heat-exchanger components are of particular
interest because they are lighter than their metallic counterparts, have
better high-temperature mechanical properties and good corrosion resistance,
and can be fabricated from inexpensive and abundant elements. As a result,
the use of these ceramics at temperatures > 1000°C (higher than metals can
withstand) can lead to more efficient energy-conversion systems.

In recent years, significant progress has been made in the use of
ceramics for structural applications. Silicon carbide (SiC), for example,
is currently being used for heat-exchanger tubing because of its excellent
thermal-shock resistance, low coefficient of expansion, high thermal conduc-
tivity, and strength at high temperature. '

The reliable use of ceramics as structural components, however, requires
effective failure prediction and thus effective flaw-detection capabilities,
The flaws with the most deleterious effects on the lifetime of SiC components
are cracks and porosity. Many fracture origins are adjacent to the surface,
indicating that surface cracks are an important cause of failure. The size
of critical cracks leading to fracture can be related to microstructural
features such as grain size, and can be relatively small (an order of magni-
tude or more smaller than in comparable metallic parts). For example, to
assure high reliability of ceramic heat-exchanger tubes, an inspection tech-
nique must be capable of detecting defects of the order of 100 um in size.
Thus, nondestructive evaluation (NDE) techniques that are satisfactory for
metals may not be for ceramics. Depending on the component of interest, it
may be necessary to develop or advance conventional NDE techniques for ceramic
applications. Currently, the techniques most widely employed by industry for
ceramic NDE are x-radiography and fluorescent dye penetrant testing. However,
efforts are under way at Argonne National Laboratory (ANL) and several other
institutions to advance NDE techniques for structural ceramics. The tech-
niques that have been studied outside ANL include high-frequency (> 50-MHz)
ultrasonic testing,2 microfocus x-radiography,2 microwave NDE,” acoustic
surface-wave testing,4 photoacoustic microscopy,”? acoustic emission detection,
and overload proof testing.’ o
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The purpose of the present ceramic NDE program is to compare the effect-~
iveness of several conventional and unconventional NDE techniques for flaw-
detection in specific high-temperature ceramic components. The investigation
encompasses many NDE techniques, concentrating on those not under extensive
evaluation at other institutions. The techniques under study at ANL have

*
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included dye-enhanced radiography, acoustic microscopy, conventional ultra-
sonic testing, acoustic-emission detection, acoustic impact testing, holo-
graphic interferometry, infrared (IR) scanning, internal friction measure-
ments, and overload proof testing. No single technique is expected to serve
as a universal flaw-detection method; several techniques will be required to
thoroughly assess ceramic components in a cost-effective way. After the
investigation of many NDE techniques, one or more promising methods will be
developed further for the specific ceramic components of interest. The cur-
rent effort involves SiC heat-exchanger tubes; previous ceramic NDE efforts
~at ANL have involved silicon nitride gas-turbine rotors.

The current report discusses recent results on inspection of SiC heat-
exchanger tubing, including butt and overlap joints, by means of ultrasonic,
IR, and holographic techniques.

~N

II. COMPUTER-INTERFACED ULTRASONIC BORE-SIDE PROBE

One of the objectives of the present program is to develop a design for
an ultrasonic bore-side probe to scan SiC tubes automatically under the con-
trol of a microcomputer. The system, described in detail in Ref. 9, consists
of a Sonic Mark III pulser-receiver and 22-MHz Aerotech transducer propagating
longitudinal waves normal to the tube wall. In the previous quarterly report,
a computer-interfaced version of the 'system was described and the sensitivity
for detecting electric-discharge machined (EDM) notches was evaluated. Efforts
during the present quarter were concerned with detection of flat-bottom holes
by longitudinal waves, reproducibility of the positioning achieved with the
‘axial drive mechanism, and computer-controlled scanning and detection of EDM
notches, '

Three flat-bottom holes were drilled in the outer wall of a SiC tube, as
shown schematically in Fig. 1. The ability of the ultrasonic bore-side probe
to detect the presence of these holes is indicated in Fig. 2. The large peak
at the left side of each trace is the reflection from the water/tube inter-
face at the inner surface of the tube. Multiple reflections beyond the hole
echo can also be seen. Unfortunately, the interface and multiple-reflection
echoes are rather wide and signals from flaws near the tube inner wall will
be difficult to isolate. With the present system and a.3-mm wall thickness
(0.5-us transit time), the first mm of the tube wall will be virtually un-
examinable with longitudinal waves. Thus, laminar-type defects (as simulated
here by the flat-bottom holes) within the first mm of wall will have.to be
detected by shear waves in a pitch-catch mode or by a system having shorter
pulses and higher frequency. A short pulse, 50-MHz traneducer hae been
ordered from Panametrics and will be compared with the present one for ef-
fectiveness in detecting such flaws,

The results from Fig. 2 suggest that (a) laminar-type flaws Vv 500 um
in diameter can be readily detected by the current system, and (b) the beam
is focused so sharply owing to the curvature of the tube that under the right
circumstances, l-mm-dia and larger reflectors in the middle of the wall may
reflect virtually all of the beam, significantly reducing the amplitude of
multiple reflections from the backwall.



The stepping motor that drives the probe axially has 400 steps/in. of
vertical travel; thus, each step or count of the motor moves the probe up or
down by 64 um (0.0025 in.). The system was checked to establish whether the
_axial position can be reproduced to within ~ 100 um, Figure 3 shows the
traces obtained (a) at the position of the 1.5-mm-dia hole, (b) after the
probe was lowered v 13 mm, and (c) after the probe was returned to the ori-
ginal position. These movements are controlled by the microcomputer. As can
be seen, the echo pattern obtained after the probe traversed 13 mm and re-
turned is virtually the same as the original. -Other tests with longer axial
motions lead to the same conclusion: The system, as currently designed, can
be returned to a location with an error of less than 100 um.

A study was carried out to indicate the capability of the bore-side
probe to detect an EDM notch while under complete microcomputer control. In
this example, the probe was inserted into siliconized SiC tube J (Ref. 9) and
moved over an axial range of 13 mm. The computer printout correctly indi-
cated the location of a 500-um-deep x 1250-um-long EDM notch to within 0.25 mm.
The printout is shown in Fig. 4. The mirror was rotating at a rate of 5 r/s.
Flaw information was acquired after every 6° of angular displacement (about
every 1.5 mm of circumferential travel), and an angular scan was taken in
the axial direction every 312 um (0.012 in.) or every 5 steps.

The computer output shown in Fig. 4 indicates flaw signals at axial
positions 970 and 975 for the first scan, and positions 965 and 970 for the
second scan. Maximum flaw amplitudes of 105 and 117 units (equivalent to an
analog output of v 0.25 V) are indicated in the two passes of the EDM notch.
The. threshold level was set at 100 amplitude units. The analog output of- the
ultrasonic pulser-receiver was set for a gate which would only transmit flaw
signals for reflectors near the tube outer wall. The "stretched" mode was
employed, which means that the notch signal is held for about 20 ms; thus,
the 1.25-mm-long notch, which should only be detected at one angular position,:
was recorded at several angular positions. This assures that the notch will
ot be missed in a scan. The notch is seen at more than one axial position
because the beam spans about 3 mm of axial length (about 50 axial positionms).
Maintaining a threshold level of about 0.25 V prevents the notch signal from
being recorded at even more locations. Since the signals are not recorded
¢ontinuously and the motor driving the mirror does not maintain a constant
speed (the speed varies by v 20%), the output data is not entirely repro-
ducible. Improvements are planned to minimize these problems. Comments next
to the computer printout provide more details regarding this computer program
and test. Although this scan was slow (2 mm/s), in principle it could be
carried out at a rate of 500 mm/s (20 in./s). Work is progressing on modi-
fications of the system to allow for this more rapid inspection rate.

III. ACOUSTIC MICROSCOPY

Previous work has demonstrated the feasibility of through-wall inspection
(with insonification from the inner to the outer surface) for cracks and other
structural elastic inhomogeneities in short, water-filled SiC tube segments.
Additional methods employing reflection/refraction ‘imaging, if successful,
might be more attractive for long tubes since the entire tube would not have to



be submerged in a bath, 1In this section, tests of acoustic lenses fabricated
at ANL are described, and the observations compared with results obtained
without lenses. Studies of alternate reflection geometries are also dis-
cussed, and the results compared with those obtained previously. Finally, a
conceptual design for testing seven-foot lengths of SiC tubing is presented.

A. Through-wall Imaging

1. Focusing Effects

Figure 5 is a schematic showing the refraction (focusing) of the sound
field as it propagates from the inner to the outer surface of a SiC tube.
(The actual situation is even more complicated than that shown in Fig. 5; in-
cident sound mode converts at the inner surface, forming two foci, one for
shear waves and one for longitudinal waves. In practice, the two sound
fields overlap spatially.) Two features in the acoustic images may be at-
tributed to the curved tube geometry: (1) The sound field is apertured by
critical-angle considerations at the input surface, and (2) the focusing of
the sound field by the tube wall leads to distortion in the images of buried
flaws. . This will influence the interpretation of flaw type as well as the
estimation of flaw size. The upper drawing in Fig. 5 shows the incident
plane wave brought to focus inside the tube wall. Three regions of the sound
field should be considered: (a) above the focal zone, near the outer surface; -
(b) at the focal zone; and (c) below the focal zone, near the inner surface. -
For flaws in region (a), the images resemble those obtained from plamar in-
sonification. However, as flaws successively closer to the focal zone are .
detected, increasingly magnified images are obtained. At the focal zone, the
projected image of a flaw may fill the entire field of view of the micrograph.
For example, a flaw might be indicated by transformation of the entire field
of view from light to dark. In region (c¢), the images will be inverted and
magnified. Structures in the images arising from flaws in this. zone possess
the unique characteristic that as the tube is rotated in one direction, the
structures move in the opposite direction. '

An acoustic lens can be used to convert the incident plane wave into a
cylindrically diverging wave and thus compensate for this focusing effect, as
illustrated in Fig. 6. By matching the curvature of the sound field to the
curvature of the tube inner wall, the critical-angle aperturing effect and
complex image characteristics associated with the focused sound field can be -
eliminated. What we are doing 1s converting the cylindrical component imaging
problem into the more familiar plane-wave imaging problem. The motivation for
doing this is that a large body of data exists for flaw characterization in
ceramics using planar insonification. . The lens approach would permit us to
take full advantage of this data base. '

Diffusing lenses were fabricated from aluminum bar stock, which is
easily machined and has a sufficiently clean acoustic structure to allow test-
ing of the lens concept. The. lenses were placed on top of a standard 30-MHz
sound cell in the configuration shown in Fig. 6. The acoustic amplitude
micrograph and interferogram in Fig. 7 illustrate the divergent sound field
produced by an aluminum lens with a 10-mm radius of curvature. The speckle
in the picture results from grain-boundary scattering in the lens. Although
the curvature of the lens matches that of the inner surface of the tube,

»



"~ the curvature of the sound field is not sufficient to fully compensate for .
the tube geometry owing to the large sonic velocity dlfference between
aluminum and SiC.

The effect of the lens on the acoustic image of a tube segment is shown
by a comparison of Figs. 8 (without lens) and 9 (with lens). 1In Fig. 9, the
sound field is wider and the fringes are straighter; however, greater sound-
field curvature (more diffusing of the beam) is still needed. Additionally,
-artifactual structure arises from grain structure in the aluminum, reverbera-
tion in the lens, and reverberation in the space between transducer and lens.
All of these limitations can be overcome by better lens design, better ma-
terial choice, and direct bonding of the peizoelectric element to the lens.

Other lenses made from glass: and silicon nitride were fabricated at ANL
and tested in a similar fashion to the aluminum lens. These materials were
acoustically clean and therefore did not contribute to the signal; however,
reverberation was a more serious problem because they were much thinner than
the aluminum lens,

We conclude that the concept is viable but that appropriate lens design
is essential to realize the desired results experimentally. Specific con-
clusions are as follows:

(a) The aluminum lens produced the expected result, i.e., flattenlng of
the sound field.

(b) Reverberation of sound in the lens produced a significant amount
of artifactual structure in the 'image, but this can be eliminated
by careful design. '

(¢) Reverberation of sound in the space between the lens and the
transducers also produced artifacts, but this can be eliminated
by bonding the piezoelectric element directly to the lens.

2. Comparison of Axial and Circumferential Insonification

Through-wall insonification may utilize either an axial or circum-
ferential geoemtry; these are shown schematically in Figs. 10 and 11, re-
spectively. Both geometries produce bright-field acoustic images that are
similar in size and general appearance to optical images. Images produced by
axial insonification are characterized by a bright horizontal band v 3 mm
wide. In contrast, circumferential insonification produces images with a
bright vertical band, as illustrated in Fig. 12, an acoustic amplltude micro-
graph of sintered SiC tube SRI (Ref. 9).

In general, imaging of flaws in the SiC tubes was relatively tolerant
of the insonification angle (Fig. 5). However, visibility varied (par-
ticularly for outer-surface notches) as the flaw was rotated through the
fixed sound field. This effect is illustrated in the series of micrographs
shown in Fig. 13; these were taken in the vicinity of the same EDM notch
shown in Flg. 12a, again with circumferential insonification., The notch is
located at the right edge, center, and left edge of the sound field in Figs. l3a,
b, and ¢, respectively. The notch is readily detected when positioned at



either edge of the sound field, but not when positioned in the middle. This
effect is much more dramatically illustrated during real-time viewing on the
monitor; the notch is visible ''coming and going', but disappears when in the
center of the field.

The explanation for these observations lies in the fact that as the
notch is rotated, the propagation angle of the interrogating sound wave rela-
tive. to the notch varies continuously. At some orientation the sound wave is
exactly parallel to the notch axis and thus difficult to observe. Addition-
ally, copious mode conversion at the notch makes this flaw type a strong
radiator of acoustic energy, which in certain orientations will add to the
incident beam and mask its presence. The latter statement is supported by
the ability of the system to produce dark-field images. These can be ob-
tained because the laser detection method is sensitive to the incident angle
- of sound impinging on the coverslip. Thus, dark-field images are produced
by placing the notch in a region of the sound field that is not normally
detected by the laser beaii. Acoustic energy 18 scattered by the flaw luco
the angular-acceptance aperture of the laser scanner, as illustrated in Fig. 14.
In this situation, the flaws (Fig. 15) appear bright because we are detecting
the energy they have scattered. In the normal transmission mode (Figs. 12
and 13), the flaws are dark because we are detecting the energy they have re-
moved from the interrogating beam.

B. Reflection Imaging

Axial and circumferential insonification geometries can also be used in
the external mode, with both the transmitting transducer and the receiving
scanning laser located outside the tube. Both methods are useful for flaw
characterization, as demonstrated below. ‘ '

1. Axial Insonification

From a standpoint of image quality, axial insonification appears to be
superior to circumferential insonification for reflection imaging. With
axial insonification, the sound is. transmitted through the tube, reflected
from the inner surface, and detected at the coverslip, as shown schematically
in Fig. 16. Figures 17 through 19 show, respectively, a "clean" zone, a buried
inclusion, and longitudinal outer-surface notches in tube SRI, all imaged by
axial insonification.

2. Circumferential Insonification

Figure 20 illustrates the geometry for external circumferential insoni-
fication. Figures 21 and 22 schematically illustrate the propagation of shear
waves and longitudinal waves in a SiC tube undergoing such insonification. Suc-
cessful use of the technique requires a smooth tube surface. In practice, the
axial positions of the tube and coverslip were fixed and the tube was rotated
about its long axis. Empirically, we found that for a given circumferential
location of the transducer, a transducer alignment could be found which pro-
duced a good image of the notches. The movements of the transducer holder
were too imprecise to allow accurate measurement of the angles. However, the
image quality could be easily reproduced and did not appear to require a



unique combination of transducer location and angulation. For precise lo-
cation of buried flaws, both angles and working distance (separation between
transducer and sample) need to be accurately measured.

Interpretation of the images produced by external circumferential in-
sonification requires an understanding of the propagation paths followed by
the sound. The sound reaching the coverslip appears to segment into
three distinct fields; an interpretation of their origins is shown in Fig. 23,
and Figs. 24 and 25 illustrate the characteristics of the three sound fields.
Sound field #1 probably corresponds to that portion of the incident energy
which passes through the tube wall, is reflected from the inner surface, and
impinges on the coverslip. Sound field #2 appears as a bright vertical band
directly to the right of sound field #1. It is not clear why sound field #2
" appears as a well-defined unit; however, the large longitudinal notch in the
tube appears as a dark zone (circled). The lack of shadowing, together with
the invariant visibility and shape of the flaw indication as the flaw is
rotated through the field, suggests that this bright zone results from
specular reflection of sound from the outer surface of the tube (Fig. 23).
Sound field #3, visible in Fig. 25, also results from the specular reflection
of sound from the outer tube surface. Clearly, only sound field #1 will be
of use in probing the interior of the sample.

Figure 26 shows an image of the large longitudinal EDM notch. The image
was produced using circumferential insonification, with the notch in sound
field #1. The width of the shadow indicates a steep propagation angle rela-
tive to the notch. This insonification method may be suited for measuring
crack extension.

C. Conceptual Design for Inspection of Seven-foot Lengths of Tubing

In this and previous reports, it has been shown that ceramic heat-
exchanger tubes can be characterized with the acoustic microscope. Complete
characterization of flaws requires a dual operating frequency of 30 and
100 MHz. 1In particular, 100 MHz has shown the strongest potential for de-
tailed analysis of inner-surface flaws by through-wall imaging, while 30 MHz
is optimal for reflection imaging and for detecting outer-surface flaws. Re-
flection imaging offers an advantage in that the transducer assembly is out-
side the tube and nothing need be inserted. Also, we have observed substantial
attenuation differences among the various samples tested, which may preclude
the use of the 100-MHz system in some tube types.

The conceptual design described below is basically an extension of the
system already employed to inspect short tube segments. The output of this
system is simultaneously available in three forms: (1) CRT image in real time,
(2) video print on thermal roll paper, and (3) output for direct computer
interfacing. Of course, photographs of the CRT output are also available.

Flaw characteristics and positions are stored in the memory for long-term
follow-up of tube performance under service conditions. For purposes of
discussion, the long-tube inspection system may be divided into the following
components: ) - ' :



(1) Transducers.

(2) . Through-wall transmission stage.

(3) Reflection stage,

(4) Tube-positioning apparatus.

(5) Detection system.

The detection system, a scanning laser acoustic microscope, has been

discussed previously in this series of reports as well as in the open litera-
ture. The other elements of the system are described below.

"l. Transducers

The piezoelectric elements used as ultrasonic transducers in acoustic
microscopy can be rather delicate owing to their high operating frequency.
Therefore, backings will be used to providc mechanical support., For use in
microscopy, the transducers must have uniform output over the field of view.
Each will be electrically matched to a 50-Q 1ine [ur uvplimum perfermance. It
is particularly important to accomplish the matching near the piezoelectric
element so that cable length variations do not affect the output. Transducers
have been fabricated with a piezoelectric¢ element and matching network in a
small watertight housing that will fit inside the tube.9 This is essential
‘for through-transmission inspection; for reflection imaging, the size limi-
tations on the transducer housing can be relaxed. The transducer for use in-
side the tube will also contain intergral spring-loaded bearings to guide it
along the inner surface as the tube position is indexed. Both transducers
will be embodied within an articulation mechanism to allow for some flexi-
bility during inspection of specific defects.

2. Through-wall Transmission Stage

The techniques developed for inspection of short tube segments should
be adaptable to long tubes. -The acoustic microscope produces its images by
scanning a laser beam over a plastic mirror (coverslip), which is in close
proximity to the subject being visualized. The mirror surtace, whieh has
impressed upon it an optical phase replica of the acoustic¢ image, acts as
the receiving plane. For through-wall imaging, the source (transducer) is
placed on the opposite side of the sample from the coverslip. In the case of
a tube, the transducer is inserted within the tube bore, whereas the coverslip
is on the outer surface. The acoustic energy must be coupled to the sample
and coverslip with a fluid. This is accomplished by filling the tube with
water. Caps on either end of the tube retain the water and provide ports
for filling and emptying. The coverslip is acoustically coupled to the outer
surface by a continuous but slow water stream dripping onto the tube in the
vicinity of the coverslip., The water is retained by capillary action. Excess
water is captured in a tray below and recycled to the coverslip.

. The transducer housing 1is mounted on a gimble so that the transducer can
be angulated both axially and circumferentially. This angle will be controlled
externally; thus, circumferential insonification as well as axial insoni-
fication can be accomplished with a single transducer.



3. Refléction Stage

For reflection imaging, the transducer and coverslip will be located on
the outer surface of the tube and coupled by means of a flowing stream of water,
as shown in Fig. 27. No water need be placed inside the tube. The position
and angle of the transducer with respect to the tube will determine the insoni-
fication technique, e.g., shear, longitudinal, or surface waves. Thus, it will
be possible to change the imaging mode as needed to enhance and analyze dif-
ferent types of anomalies.

4. Tube-positioning Apparatus

In either stage configuration, the transducer and coverslip have to be
adjusted with respect to the tube and to each other, and the tube then rotated
and translated the field of view. The movement through the field of view will
be helical during scanning, but also adjustable for pure rotation or pure
translation. Since the tubes to be inspected can be up to 7 feet long, a system
up to 14 feet long will be required. The apparatus will be constructed around
a scanning laser acoustic microscope, which will be modified in a number of
ways. For example, the laser scan will be capable of 90° rotation to make the
vertical scan axis parallel to either the circumference or the long axis of
the tube. This is necessary in order to achieve the axial and circumferential
insonification geometries described earlier. Also,the field of view and laser
spot size will be switchable for the dual 30/100-MHz frequencies.

Figure 28 shows the overall design for an acoustic microscope system for
through-wall imaging of long tubes. TFor reflection imaging, the mechanism
for filling the tube with water and sealing it, along with the rod for holding
the transducer and matching network, would be replaced by the arrangement shown
in Fig. 27. The advantages and disadvantages of through-wall and reflection
imaging have been discussed. More experience with the two types of systems
will be necessary to determine whether just one would be practlcal and ade-
quate to obtain the flaw characterization desired.

IV. COMPARISON OF NDE TECHNIQUES FOR A CERAMIC BUTT JOINT

Previous reportsg’11 in this series discussed the detection of a sub-
surface crack-like flaw in a 150-pm-wide butt joint of an NC430 SiC tube (J6)
by holographic interferometry.. Figure 29 shows a micrograph of a ceramic
joint (arrow) in a similar tube. The small grain size of the joint relative
to the tube wall is evident. During the present quarter, tube J6 was ex-
amined by dye-penetrant, radiographic, and ultrasonic techniques to compare
the effectiveness of these methods with that of holographic interferometry.

In the first tcet, the outer surface of tube J6 was exposed to a
fluorescent dye penetrant. The results were somewhat ambiguous because of
the irregular surface. A linear indication was seen in the outer surface of
the joint in the region where the interferometry suggested an inner-surface
crack, but the dye washed out very easily, suggesting that the indication
was due to a slight step or mismatch in the joining of the tubes.



The tube was then radiographed, and again the results were ambiguous.
No "crack-like" indication was seen; however, the entire JOlnt appeared to
have a lower density than the tube wall.

The ultrasonic testing did indicate an anomaly in the region where a
flaw had been detected with holography. Figure 30 shows the experimental
arrangement and results. Two 20-MHz contact transducers were employed in a
pitch-catch configuration; the transducer pair was moved around the tube and
the amplitude of the received signal was monitored. A weak signal indicates
that something has interrupted the beam or the material attenuation has
changed. The flaw seen by holographic interferometry appeared in the 0° po-
sition of region A, and indeed, the received ultrasonic signal (Fig. 30, lower
right) was v 6 dB lower in the 0° position than in any other area of the joint,
‘and more than 6 dB lower than in regions B and C (the tube walls). The data
in Fig. 30 show that the attenuation in the tube joint is less than that in
the tube wall, although the radiographic results suggested that the joint has a
relatively low density which would be expected to increase the attenuation.
Characterizing the flaw by this method is, of course, very difficult.

The SiC tube was also interrogated by a single transducer, in a similar
configuration to that of Fig. 30. Here, an echo from a defect would appear
among other geometrical reflector signals. Figure 31 shows signals obtained
at the 0° and 45° positions of the joint. At the 0° position, there is indeed
an unidentified ultrasonic reflector. The echoes on both sides of the flaw
signal are the result of the roughness and irregular geometry of this par-
ticular sample. At 45° and other positions around the tube, no flaw signals
were observed.. These results suggest that ultrasonic testing is a viable
technique for examining butt joints in SiC tubes but that because of the
irregular geometry, holographlc interferometry may be more effective in
characterizing the flaws. Future work will include ultrasonic testing from
the bore side, as well as more extensive eéfforts employing acoustic micro-~
scopy and holography. '

V. DESTRUCTIVE INSPECTION OF A CERAMIC OVERLAP JOINT

The previous quarterly reportlo presented IR pictures of an NC430 SiC-
‘tube containing an overlap joint made with Corning #0080 glass adhesive. This
specimen was expected to have a poor bond. A cool spot was detected in the
tube, indicating a localized region of good heat conduction (the heat flow
in this case was from the OD to the ID). .The remaining portion of the tube
at this axial position showed poor heat conduction. The tube was sectioned at
the level of the cool spot to determine the cause of the anomaly. Figure 32
shows the tube cross section. The bond is clearly better in the "cool" region
(arrow) than elsewhere; thus, one might expect better heat transfer in this
area, with a resultant anomaly in the IR image. While this example shows good
bonding in a poorly bonded specimen, one can expect reciprocal results for
poor bonding in an otherwise properly bonded tube. Tests will continue on
tubes with properly bonded overlap joints as they become available.

10



VI. SUMMARY

Detection of an EDM notch in the outer surface of a SiC tube with an
ultrasonic bore-side probe (22-MHz transducer) under microcomputer control
has been demonstrated. Detection of laminar-type defects will require a
normal-incidence longitudinal probe with a more highly damped, higher-
frequency transducer. ‘ '

Detection of EDM notches with the acoustic microscope in the dark-field
imaging mode has been demonstrated for EDM notches as small as 125 pm deep x
250 ym long. Detection of outer-surface notches using reflection imaging,
with both the transducer and the laser-scanned coverslip on the outer surface
of the tube, has been demonstrated. A conceptual design has been presented
for inspecting tubes up to 7 feet in length in both through-wall and re-
flection modes. Other results suggest that problems with reverberating sound
fields have to be solved before acoustic lenses can be effectively employed
to eliminate sound-field focusing in the tube wall during through-wall insoni-
fication, ' o

Efforts to examine a butt joint with dye-penetrant, radiographic, and
ultrasonic techniques revealed that while holographic interferometry seemed
to more clearly identify the presence of a crack-like flaw onor near the inner
surface, ultrasonic pulse-echo and.pitch-catch techniques at 22 MHz can also
indicate the presence of an anomaly. The ultrasonically detected flaw coin-
cided with the holographic result with regard to angular location.

Destructive examination of an overlap tube joint previously scanned

with an IR camera revlead that the joint was not bonded uniformly. The region
with the best bonding corresponds to a cool spot identified in the IR scan.

PYrevious Publications Other than Reports

1. W.D. Deininger and D.S. Kuppefman, "Infrared Techniques for the Evalua-
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2. D.S. Kupperman, N. Lapinski, C. Sciammarella, and D. Yuhas, "Nondestruc-
tive Evaluation Techniques for Silicon Carbide Heat-exchanger Tubes,"
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HOLE | DIA |DEPTH
(mm) | (mm)
A 1051 08
B {10} 15
| - C |51 15
8
oC
SiC TUBE
25 mm DIA
eoze._ | 3mm THICK WALL

Fig. 1. Schematic of SiC Tube.with Three Flat-bottom Holes in Outer Wall.
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Fig. 2.

' \MNW

.

|
!
l

Ultrasonic Echoes from Flat-
bottom Holes Shown in Fig. 1.
(a) 0.5 mm dia x 0.8 mm deep;

“(b) 1.0 mm dia x 1.5 mm deep;
(c) 1.5 mm dia x 1.5 mm deep.
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Fig. 3.

Ultrasonic Echoes from (a)
1.5-mm-dia Hole, (b) Region
of Tube 13 mm Below 1.5-mm-
dia Hole, and (c¢) 1.5-mm-
dia Hole After Computer-

-controlled Traverse Back to

Originél Position. Traces
(a) and (c) are virtually’
identical.
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Fig. 4. '(Lnft) Computer Printout of Two Microcomputer-controlled Ultrasonic Scans of SiC Tube J,
Indicating Same Notch at Location 970-975 (Scan 1) zad 965-970 (Scan 2). (Right) Expla-
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WATER COUPLING

H,0 Sic

h=x/tan (¢-9)
h=x/4 tan [ i [ siet o
an [ arcsin Tho! —aresin (T)]}

‘Fig. 5.

Schematic Showing Refraction (Focusing) of
Sounc As It Propagates from Inner to Outer
Surface of a Water-filled SiC Tube. 6 is the
insonification angle.

Efg, 16+

LASER

LENS

Schematic Showing the Use of a
Diverging Lens to Prevent Sound
Focusing Within the Tube Wall.
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Fig. 7.

Acoustic Amplitude Micrograph (Tcp) and
Interferogram of Tube SRI, Showirg the

Characteristizs of a Sound Field Frcpa-

zated Through an Aluminum Lens with a
10-mm Radius of Curvature.

Fig. 8.

I

ﬁll

(@

',‘ \“u\\\g \\\\ n\ O

»‘Q\vﬁai\\ N

Acoustic Anplitude Micrograph (Top) and
InterZerogran of Tute SRI, Showing Typical
Image Characteristics Obtained by Through-

wall Plane-wave Inscnification of a Tube
Segment.
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Fig, 9.

Plg. 10,

Acoustic Amplitude Micrograph

(Top) and Interferogram of Same

Tube Shown in Fig. 8, Obtained

by Through-wall InsoniZication

with an Aluminum Lens. Note Fig. 11.
the increased aperture size and
straightening of the fringes

compared with Fig. 8.

LASER BEAM
COVER SLIP ‘1 II

TUBE WALL \'
i

M T ETTI I TETT [ paAgeyd 10 ] ¢

X

TRANSDUCER ARM TRANSDUCER

LIQUID COUPLANT
O ] 5 I A 0 O A A 0 (0 0

Insonification Geometry Used to Generate Axially
Propagated Through-wall Ultrasonic Waves for Detection
by Acoustic Microsccpy.

COVERSLIP

Insonification Geometry Used to Generate Circumfer-
ential Through-wall Ultrasonic Waves for Detection by
Acoustic Microscopy. Similar configuration to

Fig. 5 (top):



81

Fig. 12,

(b)

Acoustic Amplitude Micrograpas kigs 13

of _ongitudinal EDM Notches
(Circled} in the Outer Wall of
SiC Tube SRI, Obtained Using
Through-wall Circumferential
Insonification. Notch di-
mensions: (a) 1250 um _ong x
500 um deep; (b) 250 um long x
125 ym deep.

Acoustic Amplitude Micrographs Taken in the
Vicinity of the Notch Shown in Fig. 12a, with
Through-wall Circumferential Insonification.
The sketch below each micrograph shows the
approximate location of the notch relative to
the sound field and coverslip. The notch is
visible in (a) and (c), but not in (b).



COVERSLIP

SCATTERED SOUND

TRANSDUCER

Fig. 14. Schematic Illustrating the Geometry and Principles of Acoustic
Dark-field Imaging.

Fig. 15. Dark-field Images of Same Notches Shown in Fig. 12.
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LASER

R R S

Fig. 16. Schematic Showing External Axial
Insonification.

Fig Al

Acoustic Amplitude Micrograph (top) and
Interferogram of '"Clean'" Zone in Tube
SRI, Obtaina2d with External Axial
Insonification.
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Fig. 18.

Acoustic Amplitude Micrograph (Top)
and Interferogram of Buried Inclusion
(Circled) in Tube SRI, Obtained with
External Axial Insonification.

Fig. 19.

AF1

Acoustic Amplitude Micrographs of the
Two Longitudinal Notches Shown in
Fig. 12, Obtained with External

Axial Insonification.



44

LASER

TRANSDUCER

TUBE WALL
REFLECTION
MODE IMAGING
‘Fig. 20. Schematic Showing External Cir- Fig. 21. Ray-:tracing Diagram Showing Propagation
cumferential Insonificetion. cf Shz2ar Waves in a Tube Undergoing

External Circumferential Insonification.
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TRANSDUCER COVERSLIP
HEmR

TUBE WALL

"Fig. 22. Ray-tracing Diagram Showing Propagation Fig. 23. Schematic Showing the Approximate
of Longitudinal Waves in a Tube Under- Locations of the Three Sound Fields
going External Circumferential Created by External Circumferential

Insconification. Insonification.
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Fig. 24.

Acoustic amplitude Micrograph (Too) and
Interferogram of Tube SRI with Ex:zernal
Circumferential Inscnification. [mage
of EDM notch is circled. Numbers on
micrographs refer to sound fields
defined in Fig. 23,

Interferozram Produced by External Cir-
cunferential Insonification. Numbers
refer to sound fields defined in Fig. 23.



Fig. 26. Acoustic Amplitude Micrograph Produced Using External Circumferential
Insonification, Showing Longitudinal EDM Notch (Circled).

VIDEO PRINTER

DRAIN

REFLECTION MODE IMAGING

Fig. 27. Schematic of Tube Scanner Operating in Reflection Mode.
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SILICON CARBIDE

/— ACOUSTIC MICROSCOPE

|_—— COVERSLIP

TUBE
N /
(a)
' 21-0"
+ 7-0" 4
‘ MICROCOMPUTER
ACOUSTIC IMAGE
OPTICAL IMAGE ACOUSTIC MICROSCOPE COVERSLIP FOR ACOUSTIC
Rt 1.7 MILRUSLUPE
MICROPROCESSOR CONTROLLED u:cinompc:s.s?'nﬁ Cr?"gﬂ?ué? " \D D/
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. INLET = END
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.....
7 ‘ < J
| — \
SILICON | \musouczn AND ELECTRONIC \TABLE TRACK
CARBIDE 8 MATCHING NETWORK
TUBE
Fig. 28. Conceptual Design for Through-transmission Acoustic Microscopy of

Long SiC Tubes. (a) Isometric view; (b) schematic of overall
system; (c) details of regions A, B, C, D of (h).
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Figi 29,

Section of SiC Tube NC430-J7, Showing
NV150-pum-Wide Ceramic Butt Joint
(Arrow). Outer surface of tube is
at top of micrograph. Small grain
size of joint relative to tube
wall is evident.

TRANSMITTER

RECEIVER TUBE 20 Mtz

=

| /

/a0 R SiC
3$m \\\\ii///’ Lo TUBE
{ NA \ WALL

45° SHEAR-WAVE

- ___ULTRASONIC BEAM

RELATIVE AMPLITUDE OF RECEIVED
JCINT ULTRASONIC SIGNAL

TUBE |ANGULAR POSITION
REGION| 0°[90°[ 180°[ 270°
AUOINTY|40 [90 | 90 [ 100

B_|70|-|— |-

Fig. 30.

G Q= i= | =

(Top) Schematic of Arrangement Used for
Ultrasonic Inspection of SiC Tube Joint,
Using Two 20-MHz Transducers in a Pitch-
Catch Mode; (Bottom) Inspection Results.
The reduced signal amplitude at A-0° indi-
cates an anomaly in this region.



"A-scan' Traces Obtained at 0° and 45° Fig.
Pcsitions of Region A (Joint) in Tube J6.

An anomaly (arrow) is indicated in the

0° scan. No anomalies were detected at

45° or other circumferential positions

within Region A. The present_result

agrees with those ottained”® by

ultrasonic through-transmission and

hclographic techniques.

32.

Cross Section of Overlap Joint Showing
Area (Arrow) with Better Bonding Than
in the Rest of the Joint. An infrared
scant® had previously shown better heat
transfer in this region.
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