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ABSTRACT

This progress report summarizes work performed by the Argonne National
Laboratory and GARD, Inc. (Division of Chamberlain Mfg. Corp.) as sub-
contractor on NDE of stainless steel and on-line leak monitoring of LWRs
during the 12 months from October 1984 to September 1985.
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NDE OF STAINLESS STEEL
AND ON-LINE LEAK MONITORING OF LWRs:

ANNUAL REPORTa

October 1984—September 1985

EXECUTIVE SUMMARY

An informal workshop on NDE of pipes with weld overlays was held at
ANL in January 1985. Personnel from four research institutions and one
utility attended the workshop. Two pipe-to-endcap weldments with overlays
were examined. Because the amount of cracking in the specimens was limited,
the emphasis was on trying to understand the nature of crack overcalling.
One major source of spurious echoes that may be erroneously interpreted as
originating from a crack has been identified. Because of the complex micro-
structure of the overlay, a situation may exist where in addition to the
conventional angled shear beam, a second shear beam is created which pi opa-
gates normal to the surface of the specimen. This beam has a polarization
that makes it impossible to detect by standard finger-damping techniques;
for this reason, it was not properly characterized earlier. We concluded
that it is difficult to inspect pipes with overlays because of unpredictable
beam distortion due to the overlay and the absence of effective reference
pipes. The use of 1-MHz longitudinal angle-beam probes rather than shear-
wave probes may facilitate inspection of such pipes.

Four 60-mm-th'ick cast stainless steel plates with microstructures
ranging from equiaxed to primarily columnar grains Lave been examined with
ultrasonic waves. We have found that the longitudinal velocity of sound and
the ratio of longitudinal to shear velocity as a function of position can
be used to characterize the crystallographic texture. We have also found
that the beam skewing that occurs in columnar (but not equiaxed) structures
is strong enough so that measurements of probe separation at maximum received
signal intensity for 45° shear-wave pitch-catch transducers can be correlated
with microstructure. We have also demonstrated that color-coded velocity
maps, effectively characterizing the microstructure, can be generated with a
system consisting of a unique mechanical arm to hold the transducer, a
commercially available pulser-receiver, and a personal computer. Shear-wave
probes operating at 300 kHz have been used to examine equiaxed grain struc-
tures. These probes provide significantly improved signal-to-noise ratios
for detection of notches if the majority of the grains are less than 5 mm
across.

Leaks from a 2-in. ball valve and a flange were studied and compared
with leaks from intergranular stress corrosion cracks (IGSCCs) and fatigue
cracks. The dependence of acoustic signal on flow rate and frequency for
the valve and the flange was comparable to that of fatigue cracks (thermal
and mechanical) and different from that of IGSCCs.

aFIN Budget No. A2250; Contact: J. Muscara,

Preceding page blank



The GARD/ANL acoustic leak detection system is under evaluation in the
laboratory. Results of laboratory tests with simulated acoustic leak signals
and acoustic signals from field-induced IGSCCs indicate that cross-correlation
techniques can be used to locate the position of a leak.

vi



NDE OF STAINLESS STEEL
AND ON-LINE LEAK MONITORING OF LWRs:

ANNUAL REPORT
October 1984~-September 1985

by

D. S. Kupperman, T. N. Claytor, T. Mathieson, and D. W. Prine

A. Background and Objectives

1. NDE of Stainless Steel

The present ASME Code Sections V and XI, which pertain to ultrasonic
testing procedures for ferritic weldments, do not appear to be adequate for
the detection and evaluation of intergranular stress corrosion cracks (IGSCCs)
in austenitic stainless steel (SS) piping. While the probability of de-
tecting IGSCCs under field conditions has increased since the issuance of NRC
IE Bulletins 83-02 and 82-03, the detection of these cracks is still diffi-
cult. Many cracks are missed during ultrasonic in-service inspection (ISI)
and are detected only when leakage occurs.

The objectives of the ultrasonic NDE program are to (a) assess
methods for characterizing the microstructure of cast stainless steel (CSS) to
determine ISI reliability, (b) evaluate the ultrasonic inspection problems
associated with weld overlays, and (c) assess problems in trying to dis-
tinguish intergranular cracks from geometrical reflectors.

2. On-Line Leak Monitoring of LWRs

No currently available single leak-detection method combines optimal
leakage detection sensitivity, leak-locating ability, and leakage measurement
accuracy. For example, while quantitative leakage determination is possible
with condensate flow monitors, sump monitors, and primary coolant inventory
balance, these methods are not adequate for locating leaks and are not neces-
sarily sensitive enough to meet regulatory-guide goals. The technology is
available to improve leak detection capability at specific sites by use of
acoustic monitoring or moisture-sensitive tape. However, current acoustic
monitoring techniques provide no source discrimination (e.g., to distinguish
between leaks from pipe cracks and valves) and no flow-rate information (a
small leak may saturate the system). Moisture-sensitive tape provides neither
quantitative leak-rate information nor specific location information other
than the location of the tape; moreover, its usefulness with "soft" insulation
needs to be demonstrated. Hence, leak detection techniques need further
improvement in the following areas: (1) identifying leak sources through
location information and leak characterization, to eliminate false calls;
(2) quantifying and monitoring leak rates; and (3) minimizing the number of
installed transducers in a "complete" system through increased sensitivity.



The objectives of the leak detection program are to (a) develop a
facility to evaluate acoustic leak detection (ALD) systems quantitatively and
(b) assess the effectiveness of field-implementable ALD systems. The program
will establish whether meaningful quantitative data on leak rates and location
can be obtained from acoustic signatures of leaks due to intergranular stress
corrosion cracks (IGSCCs) and fatigue cracks, and whether these can be dis-
tinguished from other types of leaks. It will also establish calibration pro-
cedures for acoustic data acquisition and show whether advanced signal pro-
cessing can be employed to enhance the adequacy of ALD schemes.

B. Technical Progress in NDE

1. Informal Workshop on NDE of Pipes with Weld Overlays

a. Background

An NDE workshop on inspection of 12-in. Schedule 80 pipe-to-
elbow weldments with weld overlays, from the Georgia Power Co. Hatch-2
reactor, was held at ANL in May 1984. Because of the positive response to
this workshop, a second one was held at ANL in January 1985. The ten par-
ticipants included personnel from KWU (West Germany), Commonwealth Edison,
Battelle Pacific Northwest Laboratory (PNL), Southvzest Research Institute,
and ANL. Two pipe-to-endcap weldments with weld overlays, also from Hatch,
were studied in the second workshop. Figure 1 shows the dimensions and con-
figurations of these weldments. The endcap is intact on weldment 22BM, a
photograph of which is shown in Fig. 2. The center of the weld is marked and
circumferential positions are indicated every 5 cm for reference. The inner
surfaces of the weldments have been ground in some areas so that they contain
a mixture of smooth areas and areas where the weld root is clearly evident
(see Fig. 3). The weld overlay has a relatively smooth surface texture. The
specimens were slightly radioactive, but the level was so low (less than
0.2 mr/h) that no time or clothing restrictions were necessary for the
workshop participants. The low radiation level was achieved by decontami-
nation procedures carried out by Quadrex Corp. Part of the decontamination
procedure involves an electropolishing process.

Before they were shipped to ANL, the weldments were sent to
the J. A. Jones NDE Center in Charlotte, NC, where they were inspected by
dye penetrant, ultrasonic, and radiographic techniques. Ultrasonic and
radiographic techniques were difficult to apply to these weldments, but pene-
trant testing (PT) of the inner surface did reveal a limited amount of
cracking in specimen 22BM. No crack indications were observed in specimen
22AM. Figure 4 shows the PT indications obtained in a region of 22BM ex-
tending from 129 to 137 cm. These cracks were also detected by PT at ANL.
Figure 5 shows some additional PT results. Because of the limited amount of
cracking in these weldments, the emphasis of the workshop was on trying to
understand the nature of crack overcalling and the distortion of ultrasonic
waves due to the presence of the overlay.



22 AM (NO CRACKS)

3 cm

OVERLAY 8-11 mm THICK

Fig. 1

Schematics of the Two
Pipe-to-Endcap Weldments
Used In the 1985 NDE
Workshop.

22 BM (WITH CRACKS)

56 cm

OVERLAY l lmmTHICK-

Fig. 2. Photograph of Weldtnent 22BM.



Fig. :. Photograph of Inner Surface of Weldment 22BM, Showing Contrast
Between Smooth Area (Ground) and Area with Prominent Weld Root
(Unground). Dye-penetrant IGSCC indications are also evident.

Fig. 4. Dye-Penetrant Indications Obtained by J. A. Jones in the
129-to-137 cm Region of Weldment 22BM.
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Fig. 5. ANL Photograph of Outer Surface of Weldment 22BM After Dye-Penetrant
Examination. Short inked lines just below the weld centerline : how
positions of small inner-surface cracks in the 130-to-150 cm rtjion.

b. Group Discussion

A general discussion on the difficulties of inspecting weld
overlays was held on one of the days when all participants were present. The
presence of both field inspectors and researchers resulted in an informative
exchange of ideas. The statements below summarize the main conclusions drawn
from this discussion.

• The ISI of piping with an overlay is unreliable for cracks
that extend less than ^60% throughwall because of the unpredictable bean,
distortion due to the overlay (which can vary considerably in size and thick-
ness from one weld to another) and the absence of effective reference pipes.
Optimization of the inspection procedure will require documentation of the
overlay procedure and the availability of reference mock-up pipes. These
reference pipes should have reflectors in both the heat-affected zone (HAZ)
and the weld root. Field pipes removed from service are the most desirable.

• It is particularly difficult to separate crack signals from
root signals when inspecting pipes with overlays because of the low signal-
to-noise (S/N) ratio. It may be possible to improve the chance of detecting
large cracks (>60% throughwall) through use of longitudinal waves (L-waves)
and transducers with lower frequencies, although this will reduce the sensi-
tivity to small cracks (less than 20% throughwall).
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Many ultrasonic echoes are seen while inspecting the endcap

welds. A large fraction should be identifiable as due to geometrical re-
flectors from their dynamic characteristics as the transducer is moved.

A baseline ultrasonic examination, performed with automated
equipment, would be extremely useful as one could re-examine the pipe from
time to time and look for changes resulting from crack initiation and growth.
Automation makes this procedure feasible.

The advantage of L-waves over shear waves fur inspection of
pipes with overlays is that L-waves undergo minimal attenuation and skewing
while propagating through the overlay (or butt weld). It is also easier to
see a crack tip signal with L-waves. The disadvantage is that the relative
energy reflected back from a corner reflector is less than for shear waves.

• These endcap weldments were harder to.inspect than the
samples of 12-in. piping used in the previous workshop.

Otaer comments made during the general discussion were as
follows: (a) Cracks tend to blunt when an overlay is put on; this makes it
easier to see the crack tip. (b) Replacement pipes (316 NG SS) may have
large grains in the HAZ, which make ultrasonic testing (UT) more difficult
than for 304 SS. (c) Deep cracks that are present before the overlay is
applied can be located again by UT after overlaying. (d) It may be easier
to detect deep cracks that follow the fusion line by inspecting with L-waves
through the weldment, because the crack face may then be nearly perpendicular
to the beam. Overall, L-waves would be favored for pipes with an overlay,
(e) In principle, it may be advantageous to employ horizontally polarized
shear waves (SH-waves) rather than the conventionally used vertically polarized
shear waves (SV-waves). Beam distortion would be minimized, and relatively
strong reflections would be generated at the intersection of the crack with
the inner pipe surface. In practice, however, it would be difficult to
generate these waves, and a change in the columnar grain structure would cause
the wave to split into both SH- and SV-waves. (f) Two of the participating
organizations are currently studying beam distortion in weld overlays. KWU
is using electromagnetic acoustic transducers to map the beam; ANL is using
a laser interferometer (see Section C.2.b below).

c. Experimental Results

A number of ultrasonic probes were used during this workshop.
They included pitch-catch (side-by-side and tandem) and pulse-echo modes with
both longitudinal and shear angle beams. Longitudinal beam angles of 45, 55,
and 70°, and shear beam angles of 45 and 60°, were used. A special probe
that mode converts a shear wave into a surface-skimming bulk wave at the inner
surface was also tried. Transducer frequencies ranged from 1 to 3 MHz with
sizes ranging from 6 to 25 mm. USIP 11, USL 48, and Panametrics 5052 UAX
pulser-receivers were employed during the laboratory investigation to allow
analysis of both radio frequency and video signals.

By means of the finger-damping technique, many ultrasonic
echoes could be identified as originating from the weld root. However, signals
of unknown origin were detected at several transducer positions. These
positions were carefully marked on the weldments; several examples are seen
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in the lower half of Fig. 5, where crosses labeled "L" and "S" show beam
entry points fo*" L-waves and shear waves, respectively. Examples of these
difficult-to-classify echoes are shown in Figs. 6 and 7. Figure 6 (top)
shows an echo obtained with a 2-MHz, 55° L-wave pitch-catch transducer at

Fig. 6. Ultrasonic Echoes Obtained from Weldment 22BM with Transducers at
^150-cm Position. (Top) 2-MHz, 55° L-wave pitch-catch transducer;
(bottom) 2-MHz, 45° shear-wave transducer. The shear-wave echo
is not a weld root reflection, and PT rovealed no cracks at this
location.



Fig. 7. Ultrasonic Echoes Obtained from Weldment 22BM with Same Transducers
as Fig. 6, at ^138-cm Position. Neither echo is from the weld root.



the 150-cm position of weldment 22BM. This signal is about 8 dB lower in
magnitude than a signal from a known IGSCC in a section of 28-in. pipe removed
from service. Figure 6 (bottom) shows the ultrasonic echo obtained from the
same region (see Fig. 5) with a 2-MHz, 45° shear-wave transducer. This echo,
which has a favorable S/N ratio, does not come from the weld root. Figure 7
shows results for the same two transducers at the 138-cm position. Neither
echo in Fig. 7 can be identified as arising from the weld root.

d. Origin of Spurious Ecnoes

The source of the above-mentioned spurious ultrasonic echoes
detected during examination of pipes with overlays appears to have been
established for snear waves. The combination of a complex columnar giain
structure and irregular boundary between overlay and base metal has been
identified as the cause of echoes similar in appearance to those from cracks*
This phenomenon has also been observed and discussed by other investigators.
Figure 8 shows a schematic of the pipe section, overlay, and transducer
(2.25 MHz, 6 mm) used to evaluate the problem. The pipe section (not from
Hatch) has been ground flat and smooth on the inner and outer surfaces to
leave a 5-mm-thick overlay and a combined thickness of 22.5 mm. This
eliminates any complications due to geometry.

Two types of spurious ultrasonic echo signals have been
found. One is probably the result of an ultrasonic beam, intended to be a
45° shear, having a refracted angle of 35°• This variation from the intended
refracted angle can occur because the shear-wave velocity in the overlay may
be less than in the base metal for which the 45° shear-wave transducer is
designed. In addition, the columnar grain structure could cause the beam to
be skewed so that the direction of energy flux is more nearly normal to the
overlay/base-metal interface. A wave reflected from this interface can
propagate back to the transducer wedge (after mode conversion to an L-wave)
and be detected by the crystal after reflecting off a wedge boundary.
Experimental observations employing finger-damping techniques (on the wedge)
and transit-time measurements are consistent with this possibility.

A more important experimental observation indicates that
because of the complex microstructuri?. of the overlay, the mode-converted
shear wave is split into two parts. One is an SV-wave propagating at
^35-45° and the other is a wave propagating essentially normal to the pipe
surface. The SV-wave was detected by a conventional 45° shear-wave trans-
ducer at the approximate position expected for a 45° shear wave (corresponding
to transducer A in Fig. 8 and trace 3 in Fig. 9). The other shear wave is
reflected off the bottom of the pipe and may return to the transducer via
mode conversion, providing a strong ultrasonic echo (trace 2 in Fig. 10).
An electromagnetic acoustic transducer (EMAT) and a normal-incidence shear-
wave transducer were used to confirm the presence of this wave (transducer B
in Fig. 8). A radially polarized EMAT was used to scan the inner surface of
the sample. A shear wave was detected at a position just below or very
slightly ahead of the 45° shear-wave transducer wedge. A normal-incidence
shear-wave transducer was used to establish that the polarization of this
shear wave is parallel to the inner surface of the specimen and in the plane
of the polarization of the conventional SV-wave (Fig. 9, trace 4). This
wave cannot be detected by finger-damping techniques because there is no
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Conventional
45" Shear-Wave
Transducer

•T
|| Hill "β^yerjay"; II

1
304 SS Base Metal

III
III Hill

r
tt- II IIIIIIIIIJIIIUIIIIII

/I
B

T: Conventional 45° Shear-Wave Transducer Injects

Ultrasonic Wave Into Overlay

A: Conventional 45° Shear-Wave Transducer Detects

SV-Wave in Through Transmission

B: Normal-Incidence Shear-Wave Transducer Below

Transmitting Transducer Detects Shear Wave with

Polarization Parallel to Surface of Sample

Fig. 8. Schematic of Pipe Section, Overlay, and Transducers Used to Identify

the Source of Spurious Echoes Found During Ultrasonic Inspection

of Pipes with Overlays. The total specimen thickness is 22.5 mm.

The overlay is 5 mm thick. A signal can be detected by 45° shear-

wave transducer A (at relative position indicated) for all

locations of transmitter T. However, signals detected by normal-

incidence shear-wave transducer B vary in amplitude depending on

the position of T. A spurious echo is detected by T (in pulse-echo

mode) only when a relatively strong signal is detected by B. The

difference in transit times for signals received at A and B for a

given T position is consistent with the difference in acoustic path

length.
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Fig. 9. Signals Associated with a Given Position of 45° Shear-Wave
Transducer T (See Fig. 8). Trace 3: signal received by 45°
shear-wave transducer at A. Trace 4: signal received by
normal-incidence shear-wave transducer at B, with polarization
as indicated in Fig. 8. Trace 5: signal received by normal-
incidence shear-wave transducer at B, with polarization out
of the plane of Fig. 8. A Panametrics 2.25-MHz, 13-mm,
normal-incidence shear-wave transducer (B), KB-Aerotech
2.25-MF/:, 6-mm, 45° shear-wave MSW-QC transducer (T and A),
and Pa.iametrics 5052UAX pulser-receiver were used in con-
junction with a Tektronix 7904 oscilloscope with 7B85 and
7B80 time bases.
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Fig. 10. Trace 1: Radio-Frequency Signals from Corner Reflector, Detected
by Probe T after Propagating through the Overlay. Trace 2:
Spurious Echo Detected by Probe T in the Pulse-Echo Mode (Signal
Cannot be Finger Damped). Same instrumentation as frr Fig. 9.
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significant component of particle motion perpendicular to the surface. This
also explains why the wave cannot be detected by conventional 45° shear-wave
transducers (transmission between two isotropic media across a fluid boundary
is not possible for shear waves with this polarization). When the normal-
incidence shear-wave transducer B shows a relatively large amplitude (Fig.
9, trace 4), a strong spurious signal is detected by the transmitting 45°
shear-wave transducer T in the pulse-echo mode (Fig. 10, trace 2). When the
normal-incidence shear-wave transducer B shows a relatively weak signal
amplitude (Fig. 11, trace 7), there is no spurious echo (Fig. 11, trace 6).

The transit times for the spurious echo received at T
(Fig. 10, trace 2) and the echo received from a corner reflector (Fig. 10,
trace 1) differ by 6 \is. This corresponds to a path difference of about
18 mm (6 ps x M000 m/s). This acoustic path difference corresponds to the
difference between a 45° shear wave and a normal-incidence shear wave
[(22.5 mm/cos 45° - 22.5) x 2 = 18.6 mm] and so is consistent with the
explanations provided above.

As seen in Fig. 12 (trace 9), when the 45° shear-wave trans-
ducer is replaced by a 60° transducer, the spurious pulse-echo signal is
considerably reduced. In contrast, the through-transmitted signal detected
by the normal-incidence shear-wave probe B is large (Fig. 12, trace 8).
Apparently, less of the reflected energy is transmitted to the wedge than
for a 45° probe. Furthermore, the spacing of the multiple echoes received
at B corresponds to the thickness of the specimen. Even more curious is
the observation that the relative amplitude of the first and second signal
received at B depends on the polarization of the receiving probe. If the
polarization is as shown in Fig. 8, i.e., in the plane of the figure,
the first signal is larger in amplitude than the second (Fig. 13, trace 10).
If the polarization is rotated 90°, so as to be out of the plane of Fig. 8,
the first signal is almost extinguished but the second maintains about the
same amplitude (Fig. 13, trace 13). The result for an intermediate polari-
zation angle is shown in Fig. 13, trace 11.

One other relevant test has been carried out. A 60°, 2.25-MHz,
6-mm shear-wave transducer was placed on a flat piece of 1-cm-thick SS weld
metal at a location corresponding to T in Fig. 8. The grain orientation in
this specimen is generally the same as in the overlay of Fig. 8. The weld
metal sample has a much more nearly ideal transverse isotropic symmetry than
the overlay, however. No signals comparable to those found at B in Fig. 8
were found and no spurious echoes were detected. This suggests that it is
the complex nature of the overlay, rather than simply the transverse iso-
tropic symmetry, that causes the beam to split into two waves. The columnar
grains in the overlay may be acting as waveguides, permitting birefringence
or creating a complex diffraction effect.

We also compared 1- and 2.25-MHz crystals with the same
shear-wave, angle-beam wedge. The spurious echo amplitude detected by the
45° shear-wave transducer at T was considerably less for the 1-MHz crystal,
while the signals detected by the normal-incidence shear-wave transducer
at B were greater for the 1-MHz crystal. This suggests that the ultrasonic
wavelength is an important parameter in the phenomenon and that the roughness
of the overlay/base-metal interface and the size and orientation of the
grains are important factors in the generation of the spurious echoes.
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Fig. 11. A Weak Spurious Echo Is Detected by Probe T (Trace 6) When
a Weak Through-transmitted Signal is Detected by Probe B
(Trace 7). Same instrumentation as for Fig. 9.



Fig. 12. Trace 8: Increase in Through-transmitted Signal at B When 60°
Shear-Wave Probe is Used Instead of a 45° Probe (Note Multiple
Echoes). Trace 9: Corresponding Decrease in Spurious Radio-
Frequency Signal at T. A KB-Aerotech 2.25-MHz, 6-tnm, 60° shear-
wave MSW-QC transducer was used at T; other instrumentation was
same as for Fig. 9.



Fig. 13. Variation in Magnitude of the Through-transmitted and Second
Echo Signal Detected by Probe B When the Polarization of B is
Varied. Trace 10: polarization as in Fig. 8, i.e., in the
plane of the figure. Trace 11: polarization perpendicular
to the plane of Fig. 8. Trace 12: polarization at an inter-
mediate angle. Same instrumentation as for Fig. 12-
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In addition to identifying the source of spurious echoes,
we performed a metallographic analysis of the Hatch end-caps to establish
the depths of the known but undetectable IGSCCs. This analysis has confirmed
the presence of a complex columnar grain structure in the Hatch overlay
(Fig. 14). This structure is similar to that shown in the schematic of
Fig. 8. The analysis shows that the cracks extend through less than 10% of
the original wall thickness. The section of the end-cap shown in the micro-
graph of Fig. 15 has an undercut which may have been the source of some re-
flected ultrasonic signals interpreted as arising from a crack. Careful
attention to detail regarding the overlay and pipe-wall thicknesses should
permit sufficiently accurate time-of-flight analysis to distinguish the
spurious signals described above from crack corner reflectors. Longitudinal
angle-beam probes may also be effective when used in combination with shear
waves.

Fig. 14. Micrograph of Overlay from Hatch En..-Cap, Showing Complex Grain
Structure.

2. Ultrasonic NDE of Cast Stainless Steel

a. Ultrasonic Characterization of Microstructure

Although the ASME code requires the inspection of CSS piping
in nuclear reactors, it has not been possible to demonstrate unambiguously
that current inspection techniques are adequate. Ultrasonic inspection is
difficult because the microstructure of CSS can vary considerably, from
elastically isotropic with equiaxed, relatively small grains to elastically
anisotropic with a columnar grain structure to a combination of the two.
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Fig. 15. Micrograph of Overlay, Weld, and Base Metal from Hatch End-Cap,
Showing Undercut Near Weld Root.

For the near term, improvements that may increase the reliability of ultra-
sonic inspection include (a) the development of methods to establish the
microstructure of the material (to help optimize the inspection technique),
(b) the identification of calibration standards that are more representative
of the material to be inspected, and (c) the use of cracked CSS samples for
training purposes. For the long term, it will be necessary to establish
(a) the variability of the microstructure of CSS both within and between com-
ponents; (b) the effect of microstructure on inspection reliability; (c) the
degree of improvement possible with techniques and equipment designed speci-
fically for CSS, e.g., focused transducers and lower frequencies than those
used conventionally; and (d) qualification requirements for CSS inspections.

The effect of microstructure on crack detection has been
demonstrated with a 60-mm-thick CSS specimen provided by PNL. The specimen
consists of two halves welded together (see Fig. 16). One half has an equiaxed
grain structure; the other is columnar. The specimen contains a thermal-
fatigue crack near the middle of the weld root. Details of the microstructures
of this specimen are presented in Ref. 3.

The crack was detected from both sides of the weld with 0.5-MHz,
45° SV-waves in a pulse-echo mode and with 1-MHz, 45° L-waves in a pitch-catch
(side-by-side) configuration. (The pitch-catch probe was provided by NRC
Region 2 personnel.) At these frequencies, the wavelengths of the two inter-
rogating beams are about the same. Thus, the effect of differences in
Rayleigh scattering is minimized and variations in S/N ratios result from
variations in beam distortion effects (for example, focusing of 45° L-waves
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60-mm-TH.CKWALL X C R A C K

Fig. 16. Schematic of CSS Specimen Supplied by PNL. One side has equiaxed
grains, the other columnar (vertical) grains. A thermal-fatigue
crack was grown by PNL near the middle of the weld root.

in the columnar structure). The measured S/N ratios are shown in Table 1.
For equiaxed grains, SV-waves gave a higher S/N ratio than L-waves. For the
columnar-grain structure, the L-waves gave a higher S/N ratio. These data
support our earlier conclusion^ that knowledge of microstructure is important
in optimizing the inspection of CSS.

Several specimens of CSS with varying microstructures (courtesy
of 0. Chopra, ANL) were examined to determine how well the structures could
be characterized by ultrasonic techniques. The specimens are described in
Table 2. The microstructures vary considerably, as shown in the optical
micrographs of Fig. 17. Samples 69 and 75 are relatively fine grained.
Sample 73 has relatively long columnar grains; the long axes of these grains
are, for the most part, nearly perpendicular to the top of the plate (top of
photograph), which would be the outer surface if it were a pipe. Thus,
passing sound through the thickness of these samples (top to bottom) simulates
passing normal-incidence sound waves through a pipe wall.

TABLE 1. Signal-to-Noise Ratios for Ultrasonic Echoes from
Thermal-Fatigue Crack in CSS Specimen

Transducer
45° SV

Transducer 0.5 MHz
Location 1x1 in.
(see Fig. 16) Pulse-Echo

Columnar (Anisotropic) 3.5:1
Side (2 dB)

Equiaxed (Isotropic) 7:1
Side (4 dB)

Numbers in parentheses are relative signal amplitudes.

45'
1.0 MHz i

' L
(focused)

lx l in.
Pitch-Catch

6:
(8

3:
(2

dB)

; 1

dB)
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Specimen

TABLE 2. Characteristics of CSS Plate Specimens

Material
Ferrite Content

Dimensions (mm)

68(1)
69(1)
69(2)
70(1)
70(2)
70(3)
73(1)
75(1)

CF-8
CF-3
CF-3
CF-8M
CF-8M
CF-8M
CF-8
CF-8M

19

16
16
16
7

27

135 x 135 x 57
135 x 55 x 57
465 x 55 x 57
192 x 170 x 57
465 x 55 x 57
590 x ]80 x 67
600 x 170 x 67
595 x 175 x 67

Fig. 17. Micrographs of Plates 69, 70, 73, and 75 (see Table 2)
surface of each plate is at top of photograph.

Top

In the beam skewing technique, a 45° pitch-catch SV angle-
beam probe is placed on the surface of a plate and the distance between the
two transducers is varied to determine the separation that gives the maximum
received signal when the ultrasonic wave is reflected off the bottom of
the plate. Because of the size and frequency of the transducers used (0.5 MHz,
1 in.), the beam undergoes considerable spreading (formation of "side lobes"),
as shown in Fig. 18. Thus, in addition to the primary 45° SV wave (solid
diagonal lines in Fig. 18), there are also less intense SV waves at steeper
and shallower angles (dashed lines). If part of the wave propagates at an
angle of incidence of about 21°, it can mode convert to a 45° L-wave at the
back wall. With the transducers operating in the pitch-catch mode on a 60-
mm-thick plate of isotropic SS, a weak SV-L wave signal should be received at
a transducer separation of <120 mm, and a strong SV-SV wave signal at M.20 mm.
These waves can be identified on the oscilloscope trace by noting the transit
times. When this probe configuration is used oi anisotropic material, the
transit time for a given wave type is approximately the same as in isotropic
material, but the SV-SV wave is skewed more than the SV-L wave. Consequently,
the difference between the transmitter-receiver separations required for de-
tection of maximum SV-SV and SV-L signals is smaller for anisotropic material.
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Fig. 18. Schematic Diagram Showing the Main and Side Lobes of a 1-in.,

0.5-MHz 45° SV-Wave Probe and Resulting Mode-converted Beams

After Reflection Off the Sample Bottom.

The following procedure was employed to test this concept.

The transmitting transducer was placed on the top surface of the plate about

8 cm from one end; the receiving transducer was moved to maximize the SV-SV

and SV-L received signals, and the separation was noted. The transmitter was

then moved in ^5-cm increments along a line parallel to the long edge of the

plate, either near the edge or at the midline, and the procedure was repeated

at each position; up to three experimental determinations were made at each

position. Data were taken in this manner for plates 69, 70, 73, and 75 (at

9 or 11 positions each, depending on plate size). The results are shown in

Fig. 19. For anisotropic material, the difference between the separations

for maximum SV-SV and SV-L signals should be smaller than for isotropic

material, since the SV-wave is skewed further back toward the transmitter

than the L-wave, as previously discussed. This appears to be the case for

sample 73, which, as shown in Fig. 17, has the most predominant columnar-grain

structure. There is, however, considerable variation in the data. Samples

75 and 69 have the widest separation of SV-SV and SV-L waves (Fig. 19) and

appear to have the finest texture (Fig. 17). Sample 70 has a coarse but ill-

defined grain structure and gives the type of transducer separation data that

one might expect for such a material; i.e., considerable point-to-point

variation is observed in the separation between SV-SV and SV-L waves. Note

that for sample 75, which is 67 mm thick, the transducer separation is about

120-140 mm for maximum SV-SV signals and 70-90 mm for maximum SV-L signals;

these ranges agree with what one might expect for an isotropic crystal

structure.

The sound velocity in a material may also serve as an indicator

of anisotropy. One approach is based on the observation that CSS grain

structure affects the velocity of L-waves and SV-waves differently. In the

case of L-waves, velocity is lower for propagation parallel to the columnar-

grain axis in anisotropic CSS than for propagation in isotropic (equiaxed)

CSS. Conversely, for SV-waves, velocity is higher (although still lower than
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Fig. 19. Pitch-Catch Transducer Separations Giving Maximum Received SV-SV
and SV-L Signals for Samples 69, 70, 73, and 75. Two 1-in.,
0.5-MHz 45° shear-wave transducers were used. Successive trans-
mitter positions (shown on x axis) are 5 cm apart.
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L-wave velocity) for propagation parallel to columnar grains than for propa-
gation in isotropic CSS. Thus, the ratio between L-wave and SV-wave velocity
in a given CSS sample can serve as an indicator of anisotropy. Under ideal
conditions, an anisotropic sample with sound waves propagating parallel to
the columnar-grain axis will give an L/SV velocity ratio of about 1.4
(V^ ̂ 5400 m/s, V ^000 m/s). However, the ratio for an isotropic (equiaxed)
structure would be about 1.74 (V» ^5940 m/s, V ^3410 m/s). 1 .

Figure 20 compares the L/SV velocity ratios for samples
70(3), 73(1), and 75(1) at 11 different points. Sample 75 (which is highly
isotropic) has a ratio of about 1.8, in agreement with predictions, whereas
sample 73 (with columnar grains oriented perpendicular to the surface except
at a small region in the center, as seen in Fig. 17) has a ratio that varies
from 1.8 at the ends to 1.6 away from the ends. Because of the heat flow
during the fabrication process, the ends of a CSS plate are expected to have
a different microstructure from the rest of the plate. For sample 70, with
the coarse but ill-defined grain structure, the ratios range from 1.6 to 1.9
without any well-defined pattern.

2.1

2.0

1.9

1.8

1.7

1.6

I.S

316-70(3)
304-73(1)
316—75(1)

5cm

5 6
POSITION

10

Fig. 20. Ratio of Normal-Incidence L- and SV-Wave Velocities for CSS
Samples 70(3), 73(1), and 75(1) at 11 Different Transducer
Positions.

Information about the microstructure can also be obtained from
the L-wave velocity alone. As mentioned above, the L-wave velocity should be
low for anisotropic material (if propagation is parallel to the grains) and
high for equiaxed material. Figure 21 shows the longitudinal velocity of
sound for samples 70(3), 73(1), and 75(1). The low velocity of sample 73
away from the ends of the plate implies a columnar structure, consistent with
the micrograph of Fig. 17. The relatively high and constant values for sample
75 suggest fine, equiaxed grains, also consistent with the micrograph of
Fig. 17. Finally, sample 70(3) shows large variations in velocity, suggesting
an ill-defined, coarse grain stricture not inconsistent with Fig. 17.
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Fig. 21. Normal-Incidence Longitudinal Velocity of Sound for Samples 70(3),
73(1), and 75(1) at 11 Different Transducer Positions.

It appears that under laboratory conditions, ultrasonic
velocity and pitch-catch echo amplitude measurements can be used to correctly
predict the microstructure of CSS. Further efforts will be directed toward
determining which of the techniques described here would be most effective
under field conditions.

b. Computer-interfaced Velocity Maps

Cast SS plates have also been scanned ultrasonically with a
system that interfaces a Krautkramer-Branson USL48 pulser-receiver, mechanical
arm, and 1-MHz, 37-mm-diam, normal-incidence longitudinal-mode transducer to
an IBM-XT personal computer. This system is faster and provides more infor-
mation than the point-by-point methods just described. The mechanical arm
and initial versions of software were provided by Magnaflux Inc. A photo-
graph of the system is shown in Fig. 22. The surface of the specimen to be
interrogated is scanned in a contact pulse-echo mode. Echo transit times,
transmitted from the USL48 in analog form, are digitized by the computer and
converted to velocity measurements. The variations in velocity are plotted
as a function of position, in real time, as variations in color on the
computer monitor. In the present configuration, the transducer, attached to
the arm and coupled to the specimen with water or gel, is moved manually.
With a 3-color display, information with respect to point-by-point variations
in velocity and thus variations in microstructure can be revealed clearly
and rapidly. Tests have shown good reproducibility of the system, though
some problems exist in maintaining a constant acoustic coupling between
transducer and specimen. Figure 23 shows scans of three of the plates
described previously, looking down on the top surface. The variation in
velocity clearly distinguishes the three distinct microstructures seen in
Fig. 17.
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Fig. 22. Photograph of Ultrasonic Scanning System That Interfaces an IBM-XT
Computer to a Krautkramer-Bransou USL48 Pulser-Receiver and
Mechanical Arm with 1-MHz, 37-mm-diam, Normal-Incidence Longitudinal-
Wave Transducer.

Sound velocity measurements in CSS made with the Magnaflux
mechanical arm and computer interface were compared with velocity measurements
based on conventional pulse-echo techniques (Section B.2.a above). Absolute
values and relative changes in velocity are stored in the computer to a
higher precision than is evident in the color maps. The point-to-point
variation in velocity can be printed out. Figure 24 shows a comparison of
the velocity as a function of position obtained without the aid of the
computer and that obtained with the computer-interfaced system. The curves
shown in Fig. 24 are in good agreement. As expected, the detail obtained
from the computer-based system is superior to that obtained by the pulser-
receiver alone. This gives us confidence that the color-coded velocity maps
are a fair representation of velocity variations in interrogated samples.
Initial efforts with color-coded velocity data involved only 3 colors.
Other tests have been carried out with 5 and 6 colors. These presentations
provided improved resolution; however, when more than 6 colors were used,
the resulting images were difficult to interpret.

The computer-interfaced ultrasonic scanning arm has been used
to map velocity variations in the base materia] of the welded CSS specimen
shown schematically in Fig. J 6. This specimen has columnar grains on one
hici<2 of the weld and equiaxed grains on the other. The specimen was cut
from a pipe ^800 mm in diameter. The curvature presented few problems when
general.'ng a velocity map covering an area of '-150x300 mm. Water was used
as a couplant in this case. Velocity variations of as little as 2% can be
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Fig. 24. Comparison of Sound Velocity Data Obtained from Point-by-Point
Hand Scan and Computer-interfaced Scanning System.

represented as variations in color on the CRT screen when a scan is calibrated
to represent a maximum variation of 107.. Figure 25 shows the resulting
5-color maps. The equiaxed materia] shows a greater variation in velocity
than the columnar material. Also, the average value of velocity is signifi-
cantly lower on the columnar side, as expected. These preliminary tests
suggest that microstructures may be distinguished by simply noting variations
in transit times, without using the wall thickness to calculate velocity;
even if the wall thickness varies, the more rapidly varying velocity will
still be sufficient to characterize the material.

c. Low-Frequency Transducers _fo_r_ Cast Stainless Steel

We have indicated in previous reports^ that in CSS samples
with equiaxed grains, improved S/N ratin.s were observed with transducer
frequencies lower than 1 MHz. Even though some resolution is lost because
of the laiger wavelength;;, lower frequencies have great potential for detect-
ing deep cracks, which are easily missed with conventional (1-MHz) probes.

Two 45° shear-wave transducers (with frequencies of 300 and
500 kHz, respectiveJy)used in a pulse-echo mode and one 1-MHz, 45° I.-wave
transducer used in a pitch-catch mode were compared for their effectiveness
in detecting notches in CSS. The shear-wave transducers were manufactured
by Magnai'lux (300 kHz) and Panainct rics (500 kHz). The longitudinal probe
was an RTD side-by-side model. A l'SI.,48 pulser-receiver was employed to
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Fig. 25. Five-Color Velocity Maps of Welded CSS Specimen with Columnar
Grain Structure on One Side of the Weld and Equiaxcd Structure
on the Other Side (See Fig. 16). The system is adjusted to
represent the variation in velocity within each side, rather
than the difference between the two .sides.
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acquire data. Virtually identical S/N ratios were observed for detection of
the corner of a 60-mm-thick wrought SS block when the shear-wave transducers
were used. The response from a 50%-deep notch in a 67-mm-thick CSS block
with equiaxed grains, 1-5 mm across, was 6 dB greater in both amplitude and
3/N for the 300-kHz than for the 500-kHz shear-wave transducer. The 45°
L-wave transducer could also be used to detect the 50% notch, but the S/N
ratio and signal amplitude were considerably lower than for the shear-wave
transducers. Notches 50% deep in material with larger grains (5-15 mm across)
could not be detected with any of the transducers.

Attempts are being made at both Magnaflux and ANL to fabricate
a 200-kHz probe. The two laboratories are using lead metaniobate and PVDF,
respectively. The ANL group has fabricated a 1-MHz PVDF transducer consis-
ting of 30 sheets of 25-ym-thick strips, but the transducer is not very
efficient. The latest effort involves 60 1 .yers of 40-um-thick PVDF strips
and an interdigitally layered contact to impedance match the source and
transducer. A high-voltage power transistor will be used to drive the stack
to generate a 200-kHz square-wave pulse.

d. Visualization of Ultrasonic Beam Distortion

Laser detection of ultrasonic waves is becoming a popular
method for applications where noncontacting measurements must be made or
where high spatial resolution or quantitative measurements of displacement
are required. A laser interferometric technique was used to map the
ultrasonic displacement profile from a transducer beam that had propagated
through centrifugally cast stainless steel (CCSS) pipe wall material. The
laser interferometer was calibrated by a direct capacitance method, which
allowed quantitative measurement of the surface displacement amplitude to
0.35 A.

The laser interferometer, shown schematically in Fig. 26, is a
Michelson quadrature interferometer manufacturedoby Sonoscan. The advan-
tages of this system are good sensitivity (^<3 A) compared with other optical
methods; ability to detect short (<1 ys) pulses; and insensitivity to low-
frequency (f< 100 kHz) vibrations. The disadvantages of the system are that
the signal voltage output is proportional to the square of the displacement
and the apparent frequency of the waveform is doubled owing to the electronic
stabilization technique. The system has a frequency band pass (-3 dB) of
150 kHz to 8 MHz, limited at low frequencies by laser noise and random vi-
brations and at high frequencies by the frequency response of the squaring
and summing electronics. Because the sensitivity of the interferometer is
proportional to the light intensity reflected from the surface to the photo-
diodes, a flat mirror-like sample surface is required for maximum sensitivity
over the scanning area. As shown in Fig. 26, the sample, with the ultrasonic
transducer affixed to the opposite face, is scanned in the x-y plane with
mechanical stepping motors. Data were obtained at 760-ym increments with a
beam diameter of 800 ym. (The beam could have been focused to a much smaller
spot size, but the larger spot size made the technique less sensitive to
surface scratches or imperfections.) The scan area was approximately 1.7 x
1.5 cm. During the scan, data from the interferometer were digitized and
stored for normalization and plotting.
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Fig. 26. Layout of the Optical Components for the Laser Interferometer.

As the sample moves in front of the laser beam, changes in
reflectivity occur as a result of scratches and misalignment of the sample
surface. A normalizing signal at 2 MHz is applied to a piezoelectric crystal
(mirrored reference transducer) in the reference arm, which provides a signal
proportional to the surface reflectivity. This signal is then used to correct
the amplitude of the signal received through the sample. This procedure
eliminates asperity in the plots of the ultrasonic wavefront and allows
measurement of small changes in amplitude.

Quantitative measurement with the interferometer requires that
the laser system be calibrated. The system can be roughly calibrated by use
of the relation between the photodiode current, i , and the light intensity
in the reference arm and sample arm, 1 , 1 ,

L S
as shown below.

i = 8irn
s

(1rV
1/2

6 sin (tot) (1)

where 6 is the displacement and n is the quantum efficiency of the photo-
diode. Use of Eq. (1) implies that the photodiode current, light intensity,
and quantum efficiency are known or can be measured accurately. Even if this
were the case, the transfer function for the rest of the laser system elec-
tronics would have to be measured. To circumvent the difficulty of cali-
brating each individual component, a calibration device was constructed.
The calibration device directly measures the time-dependent displacement of
a mirrored fused-quartz surface.

A cross section of the calibrator is shown in Fig. 27. A
wideband (1.9-cm-diam) piezoelectric transducer, epoxied to a fused-quartz
block (2.5 cm thick x 3.8 cm diam), is used as a source of 0.5-2 MHz L-waves.
The L-wave pulses, after propagating through the fused quartz, are reflected
off the end of the quartz block, with resultant oscillatory surface displace-
ment. The end of theofused-quartz block is sputtered with a mirror-like
layer of chrome 2500 A thick. A small (1.27-cm-diam) SS electrode measures
the average change in capacitance over the surface due to the displacement.
A 1-mm-diam ho]e in the center of the electrode allows the laser beam to
measure the displacement at the center of the rear surface of the fused-
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Fig. 27. Cross Section of the Capacitor Calibrator for the Laser
Interferometer.

quartz block. To calculate the peak-to-average displacement factor (<5%),
the shape of the nearly Gaussian ultrasonic-beam wavefront was determined by
scanning the laser over the back surface of the fused-quartz block with the
capacitor electrode removed. Comparing the square root of the laser, system
output with the displacement as measurgd with the capacitor gave a sensi-
tivity of 2.5 x 10"* A/Hz1'2, or 0.35 A sensitivity in a 2-MHz bandwidth.
This is approximately the sensitivity for other reported Michelson-type
interferometers. This sensitivity is much less than that obtained with
wideband piezoelectric probes such as the NBS acoustic emission sensor.11

A comparison of the spectral sensitivities of the laser and the NBS conical
transducer at 1 MHz indicated that the laser system is 47 dB less sensitive.

An increase in the sensitivity of the laser probes could be
obtained with lower noise preamplifiers or photodiodes. The predominant
noise in the laser system was found to be the thermal noise inherent in
either the photodiode or preamplifier. A higher power (25-mW) HeNe laser
was used with the system to improve the sensitivity by a factor of 5. With
these and other improvements in the interferometric sensing system, it should
be possible to achieve detection sensitivities comparable to that of wideband
piezoelectric probes.

As showa i>? Fig. 26, a small, 6.3-mm-OD L-wave transducer was
epoxied to various specimens of equiaxed or columnar SS. Figure 28 shows
etched surfaces of samples with (a) equiaxed grains and (b) columnar grains
with the grain axis oriented in the <100> direction (confirmed by ultrasonic
velocity measurements).

Figure 29 shows a beam wavefront from the 6.3-mm transducer
after passing through a 3.1-mm-thick sample of equiaxed steel with grains
less than 100 um in diameter. The beam shape is approximately Gaussian and
symmetric about the center of the transducer. Note that the center of the
transducer does not, in general, coincide with the center of the scan area of
the three-dimensional plot. In addition, because of the perspective, the
contour plot looks elliptical rather than circular (Fig. 29). The plots
were constructed by pulsing the transmitting transducer with a 200-V, 0.2-ys
unipolar pulse and subsequently detecting the peak laser signal at 2 MHz as
a function of position and then converting to peak displacement in angstroms.



32

Fig. 28. Etched Cross Sections of Austanitic SS Samples Showing
(a) Equiaxed Grain Structure and (b) Columnar Grain
Structure.
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Fig. 29. Displacement of L-Waves from a 6.3-mm-cliam Transducer Mounted on the
Back Surface of a 3.1-mm-thick Equiaxed Austenitic Steel Sample.

Several thicker samples with longer grains (2-3 mm diam x
1 cm in length) were also tested. In Fig. 30, beam wavefronts originating
from the 6.3-ram transducer are shown after passing through 19 mm of CCSS.
Figure 30a shows the wavefront for the longitudinal beam incident at a 45°
angle to the grain axis. The beam should not be skewed by any significant
amount but should be focused in the y direction indicated on the graph.
This focusing.effeet results in an elliptical shape of the beam at the
backwall. ' A calculation of the spreading of the beam as described in
Ref. 14 gives a beam diameter of 15 mm for an amplitude decrease of 50%.
The measured beam diameter in the x direction is about 13 mm for a 50%
decrease in signal level. In the y direction, the beam has been focused
down to 8 mm. The beam wavefront for L-waves traveling parallel to the axis
of the grains is shown in Fig. 30b. In contrast to Fig. 30a, the beam has
spread very little, which is not the behavior predicted for propagation
along the grain axis. This may be due to the relative sizes of the grains
and transducer. Obviously, when the grains are 2-3 mm in diameter and the
beam is 6.7 mm in diameter, only a few local grains are averaged by the
beam, which may negate the observation of global transverse isotropy (columnar
grains).

e. Direction of Energy Flux

In previous studies, to predict ultrasonic wave propagation-,
we have modeled CCSS with columnar grains as a transverse isotropic solid.
In this report, we combine the results of those studies with calculations
performed with the computer program Multiplan to predict the path of the
energy flux if conventional angle-beam transducers are used for inspection.
Figure 31 shows the experimental configuration under evaluation. The long
axes of the columnar grains are perpendicular to the surface of the specimen,
as they might be in CCSS piping with columnar grains. Most transducers used
for SS are designed for a specific angle of propagation in the material,
based on the average sound velocity for the mode of interest (S or L). In
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Fig. 30. Displacement of L-Waves from a 6.3-nnn-diam Transducer Mounted on
the Back Surface of a 19-mm-thick Austenitic Steel Sample with
the Grains Oriented (a) at a 45° Angle to the Incident Beam and
(b) Parallel to the Incident Beam.
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BEAM SKEWING IN TRANSVERSE ISOTROPIC STAINLESS STEEL

transducer
<100> texture

energy wave
direction normal

direction

B= Direction for which transducer was designed to
propagate ultrasonic waves

Q= Actual direction of wavefront normal in transverse
isotropic stainless steel

0= Direction of propagation of ultrasonic energy

v(B)= Velocity in material for propagation angle 3

v(Q)= Velocity in transverse isotropic stainless steel
for propagation angle Q

Q defined by sin(B)/v(3)=sin(fi)/v(Q)

0 = Q + Deviation Angle

Fig. 31. Schematic of Energy Flux Direction in Cast Stainless Steel.
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Fig. 31, the arrow designated "design direction" (DD) is simply 45°L, 45°S,
60°S, etc. The wave normal direction (WND) is the direction of the wavefront
normal that satisfies Snell's law. The WND is usually different from the DD
because of the variation in velocity as a function of propagation angle for
CCSS. The energy direction is the actual direction for the ultrasonic
energy resulting from the skewing phenomenon. Note that the energy direction
is the maximum deviation from the DD. If the material is not perfectly
transverse-isotropic, the difference between DD and energy direction will be
less. To carry out the calculation, the longitudinal and shear velocities
are tabulated as a function of angle of propagation Q. The value of
sin(fi)/V(ft) is then tabulated for all Q. The refracted angle of the wavefront
normal is the value of fi for which sin(fl)/V(fi) is equal to sin(3)/V(8),
where $ is the design angle for the wedge and V(3) is the design velocity
for the material being interrogated. For a 45°,shear-wave transducer, this
would be sin(45°)/3.130 x 10 mm/s = 0.23 x 10 s/mm. This is equal to
sin(fi)/(ft) for 35° shear waves in columnar-grained material. The angle of
propagation of the wavefront normal is 35°, not 45°. The skew angle for
that propagation angle is then added (or subtracted) to obtain the angle of
propagation of the energy flux. In this example, it is -31°. The energy
flux is propagating at a 4° angle, -almost normal to the surface of the pipe.
Values for the directions of the wavefront normal and energy flux are listed
in Table 3 for various commonly used ultrasonic probes. In some cases,
both L-waves and SV-waves can propagate. One can easily show that even if
there is a layer of isotropic material between the transducer and the columnar
material, the results are applicable to propagation in the columnar material.

TABLE 3. Propagation Direction of Wavefront Normal and Direction of Energy
Flux in Columnar-grained Stainless Steel for Selected Ultrasonic
Transducers. The long axis of the grains is normal to the surface
on which the transducer is placer,. Propagation is normal to the
surface at an angle of 0°.

Transducer

45°S
60°S
70°S
45 °L

55°L

70°L

Direction of Wave-
front Normal (fi)

35°(S)
42°(S)
47°(S)
49°(L)
22°(S)
62°(L)
25°(S)
72°(L)
26°(S)

Energy Direction
Angle (<)))

4°(S)
36°(S)
64°(S)
49°(L)
-22°(S)
53°(L)
-18°(S)
60°(L)
-16°(S)
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C. Technical Progress in Acoustic Leak Detection

1. Acoustic Signals from a Leaking Valve and Flange

The stem of a 2-in. ball valve (Whitey Co. "F60") was scratched
with a tool engraver along the stem axis to create a fluid leakage path. By
varying the packing load, the flow rate could ba varied from 0.004 to
0.3 gal/min (0.2-19 cm /s). One side of the valve was joined to a piece of
2-in. pipe about 1 m long, and the other side was connected to a 1/4-in.
(6-mm)-diam SS line that fed high-pressure (1100 pci; 7.7 MPa), high-temperature
(to 500°F or 260°C) water to the valve body. Heatexs were wrapped around
the valve to maintain the desired temperature. An AET-375 transducer was
attached to a 3-mm-diam waveguide which was screwed into a small hole in the
valve body. Although the valve was not integrated into the 10-in. Schedule
80 piping of the ALD facility as crack specimens have been, it was still
possible to compare the acoustic leak signals from the valve with signals
from leaking cracks. This was accomplished by injecting a controlled,
electronically generated acoustic signal into the valve body and then into
the pipe run at the location of one of the cracked pipe sections. The
difference in detected signal at two points for the same injected signal was
noted. This provided a multiplication factor for use in estimating the
acoustic signal that would be detected 1 m from the valve leak if the valve
were integrated into the pipe run. This method was reproducible and led to
a correction of 14 dB (i.e., the acoustic signal from the leaking valve body
is 14 dB more intense than it would be if the valve were integrated into the
pipe run and the signal detected at a distance of 1 m).

Tests were also run on a small leaking flange. Figure 32 shows
the configuration and dimensions of the flange, which was placed over a
section of the ALD pipe run. Leaks were generated by placing a small wire
segment underneath the 0-ring and varying the load. The fluid temperature
and pressure ranged from 350 to 500°F (177 to 260°C) and 1000 to 1100 psi
(7.0 to 7.7 MPa)» respectively. Flow rates ranged from 0.01 to 1.0 gal/min
(37.9 to 3785 cm /rain).

— 5 1 mm—-j W A T E R

VENT

TRANSDUCER

m
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/ _

5**" 51 mm

•—WATER IN

102 mm-
10-in. PIPE

Fig. 32. Schematic Representation of Flange Leak.
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The normalized acoustic data for both valve and flange are presented,
along with data from various cracks, in Fig. 33. Although there is considerable
scatter in the valve and flange leak data, the trend is clear. The acoustic
signals from leaking IGSCCs are less dependent on flow than those from other
types of leaks. In addition, over the range of flow rates examined, the
signal amplitudes for the valve and flange are of the same order of magnitude
as those for thermal- and mechanical-fatigue cracks.

lOOp

ACOUSTIC LEAK SIGNAL
300-400 kHz

• 2-ln. VALVE
WITH STEM
LEAK

o FLANGE

0.001 0.01 O.I
FLOW RATE (gal/mtn.)

Fig, 33. Acoustic Signal vs. Flow Rate for Leaks from IGSCCs, Thermal-
Fatigue Cracks (TFC), Mechanical-Fatigue Cracks (FC), Flange, and
.Valve Stem. All data were normalized to an AET-375 transducer
(300-400 kHz frequency range) on a 3-mm-diam waveguide 1 m from
the leak.

We have also found that for the same signal amplitude in the 300-
400 kHz range, there is relatively more low-frequency signal for the valve
and flange than for the IGSCC. A similar result was found for fatigue cracks
relative to IGSCCs. This result supports the argument that, et least for
flow rates of less than 1 gal/min (3785 cm^/min), it may be possible to dis-
tinguish IGSCC leaks from other leaks by comparing the ratio of acoustic
signal intensity in low (50-150 kHz)- and high (300-400 kHz)-frequency windows.

2. Evaluation of the Digital Continuous Acoustic Monitoring System

The digital continuous acoustic monitoring system (DCAMS) developed
at CARD, Inc. and ANL, shown in Fig. 34, consists of two LeCroy Transient Data
recorders, a Camac Dataway, and a Dual 83/20 Unix-based computer. Signals
from acoustic emission transducers are amplified by Tektronix AM5O2 amplifiers,
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Fig. 34. Photograph of Digital Continuous Acoustic
Monitoring System for Leaks.

passed through Khrone-Hite filters and a signal conditioner for gain control,
and subsequently sent to the transient recorders and computer. The system
has a high-resolution monitor and an English-language command syntax. At a
sampling rate of 500 kHz and 8000 points per channel per acquisition, 16 ms
of continuous acoustic data can be recorded per capture. The system is
capable of storing about 10 MB of data. For a two-channel system, this
implies that at 16,000 points per acquisition (8000 per channel), 160 data
acquisitions can be stored. The radio frequency data can then be analyzed to
provide rms data, frequency spectra, and cross-correlation functions including
averaging of correlograms. A considerable amount of data can be stored and
recalled at a future time for additional analysis. DCAMS has been tested by
injecting known signals directly into the signal conditioner inputs. These
signals were the outputs of standard signal generators and a time-delayable
random noise generator. These tests proved that the hardware reception and
software processing of the DCAMS were performing their required functions.

Subsequent tests of signals received through transducer excitation
from acoustic activity in a section of the ALD facility did not yield results
of such unambiguous quality. In the simplest case, capture of controlled
single pulses and subsequent cross-correlation yielded unexpected time dif-
ference lags. When the transducers were arranged so that acoustic waves did
not travel across elbows in the test loop, the location results became more
consistent.



Further tests of the capture and cross-correlation of single acoustic
pulses revealed that leak-locating ability requires more similarity between
the two sampled signals than is easily achieved on the test loop. In addition,
it was found that when the receiving transducers were so placed and clamped
as to produce similar-appearing envelopes for the two sampled waveforms, the
locational accuracy improved.

One possible cause of the observed locational inconsistencies
is phase perturbation introduced in the signal by the transfer function of
the pipe, coupling, and transducer combination. If this is the case, the use
of demodulation should yield more consistent results at the cost of reso-
lution. A demodulator circuit developed by ANL was added to the DCAMS
signal input hardware to test this hypothesis. Location accuracy was as good
as the best results without the demodulator, but reliability did not improve.
More detailed tests showed that the mismatch of frequency response between
the DCAMS signal conditioner and the demodulator was contributing to this
unreliability. Consequently, a software demodulator was written and tested.
This software demodulator works better than the hardware demodulator and, in
addition, demonstrates exactly how sensitive locational accuracy is to the
similarity of signal envelope profiles.

After the system was modified as described above, several experi-
ments were carried out to illustrate the system capability, with encouraging
results. In one, an electronic pulser and two AET-375 receivers were used to
demonstrate the enhancement of location capability with demodulated acoustic
signals. A program was written to allow the system operator to rectify and
smooth the captured and digitized radio frequency signals. Correct location
information was generated with receivers separated by M . 5 m. In a second
experiment, FAC 500-kHz broadband and AET-375 resonance receivers were
attached to the ends of the pipe run (a separation distance of 10 m). A
continuous noise source was placed at several different locations for these
tests. All tests were carried out with radio frequency signals and with the
pipe empty. In each of these tests, correlograms were averaged. Unambiguous
location of the source was indicated in all trials. Tests without averaging
showed considerable variation in source location. In another successful
test, AET-375 probes were attached to waveguides at the ends of the pipe run.
Nine ccrrelograms were averaged, but in this case the waveguides were moved
slightly in a circumferential direction before each radio frequency signal
was captured. This produced a spatial average and resulted in the best S/N
ratio for location yet achieved. The results of frequency spectrum analysis
indicate that acoustic waves at frequencies greater than 250 kHz are severely
damped over the distances involved in the current tests (10 m). As a result,
cross-correlation analysis can be effective at radio frequency signal capture
rates of 500 kHz (2 ps between capture points). The consequence of this is
that the 10-m transducer separation can be represented on the monitor to
facilitate the visual interpretation of source location information. The
results of experiments with waveguides on the ends of the pipe run are seen
in Fig. 35. The movement of the correlation peak with movement of the
electronic noise source is clearly evident.
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Fig. 35. Movement of Spatially Averaged Cross-Correlation Peak with Changes
in Location of Continuous Acoustic Source. The waveguides on which
the transducers are mounted are moved slightly in a circumferential
direction after each correlogram is generated.

A laboratory test has been carried out to help evaluate the capa-
bility of DCAMS to locate an actual leaking field-induced 1GSCC by averaging
cross-correlation functions. Two AET-375 receivers were pxaced on waveguides,
164 cm apart; one 61 cm, the other 103 cm from IGSCC #1. A 0.003-gal/min
(11.4 cm /min) leak was generated from IGSCC #1 at 5O4°F (262°C) and 1000 psi
(7 MPa). With the flow off and electronic filters passing 150- to 500-kHz
signals, the electronic background noise levels were 31 and 42 mV, respectively.
With the flow on, the signal amplitudes increased to 51 and 68 mV. The
sampling rate for these tests was 500 kHz (2 ps between data points). Nine
correlograms were averaged. In generating these correlograms, one of the two
waveguides was moved circumferentially (about 60°) before the next waveform
was captured. This averaging technique permitted a leaking field-induced
IGSCC to be located, for the first time, by cross-correlation techniques.
The results are shown in Fig. 36. The correlogram peak is shifted 266 Us
(133 lags at 2 ys per lag) from the center. This corresponds to a difference
in path length of about 80 cm, based on the velocity of shear waves in steel.
This result agrees in both sign and order of magnitude with the actual dif-
ference of 42 cm. The location accuracy of the system, however, has yet to
be determined. Similar tests carried out with an electronic leak signal
indicated that location accuracy improves with signal amplitude. This
result suggests that larger leaks would be located with greater reliability.
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Fig. 36. Cross-Correlation Function (Average of Nine Correlograms) for
Leaking Field-induced IGSCC.

Only three different circumferential positions for each waveguide
were required to acquire the nine correlograms. Thus, the averaging pro-
cedure co'ld be carried out with three transducer/waveguide systems at each
monitorii o site. It may be possible to carry out cross-correlation analysis
with one transducer at each monitoring site, if larger leaks are present.
Future tests will address this point.

An experiment was carried out to demonstrate that the cross-
correlation analysis could be carried out with both empty and water-filled
pipes. Correlograms were obtained from acoustic pulses generated between
transducers located in the section of the pipe that can be filled with water.
The probes were separated by about 1.5 m. With the pipe empty, correct lo-
cation information was obtained from the time lag and the estimated velocity
of surface waves in steel. With the pipe filled with water, equally accurate
correlograms were obtained. Correct location of the pulser in the latter
case was obtained from the time lag and the known velocity of L-waves in
water. This demonstrates that the dominant signals received by the acoustic
emission transducers at a separation of 1.5 m were from acoustic waves propa-
gating through the water in the pipe.

During the current reporting period, several options for improving
the DCAMS graphics were considered. After viewing several demonstrations,
we purchased a Lear Siegler ADM 3 graphics terminal with a factory-installed
Selanar Graphics (SG) 305 board. This terminal can emulate most of the
Tektronix 4010/4014 features and can provide additional features in the
'Selanar Native" mode. Table 4 shows the actual and addressable screen
boundaries for the two modes.

The viewable area of the Tektronix 4014 mode is "mapped into"
available resolution on the 305 screen within its visible area. The aspect
ratio is made proportional so that circles appear as circles in the
Tektronix mode.
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TABLE 4. Actual and Addressable Screen Boundaries for the
Modified ADM 3 Terminal

Actual Dot
Resolution Viewable Area Addressable Area

Mode x y x y x y

Tektronix 644 247 1024 780 1024 1024
or or

4096 3120 4096 4096

Selanar Native 644 247 2576 991 +32384 +32384

In the native mode, the horizontal and vertical gain factors can
be changed to any value in the range from 0.004 to 256 times normal to vai
the aspect ratio. Changes in the gain can also be used for drawing ellipses
of different eccentricities with the arc/circle generation features. Once
the gain factor's are set in the native mode, they are also implemented in
the Tektronix mode.

Full upper- and lowercase ASCII and APL character sets are included
in the Tektronix alphanumeric mode. The characters are drawn with vectors
and the smallest character size may be difficult to read because of the
smaller size of the 305 screen, and the correspondingly smaller characters,
as compared to the Tektronix 4014 terminal. Also, the size and/or shape of
the Tektronix-mode characters will change when the x-y gains are changed in
the native mode. This allows the character size to remain proportional to
the image size and allows oversized characters to be drawn.

A meeting was held with Commonwealth Edison personnel at the
Braidwood Nuclear Station to identify areas of the plant that could be used
for field testing the GARD/ANL DCAMS. Two areas of Unit 1, which is about
85% complete, will be used for the initial tests. We will be able to install
waveguides on pipes ranging from 10 to 22 in. in diameter. Both stainless
and carbon steel piping, water-filled and empty, will be evaluated. Tests
are to be carried out with an electronically generated leak source. Wave-
guides will be placed on straight pipe runs, pipe runs with elbows, and pipes
with valves. Our objective is to carry out initial testing at Braidwood in
early December 1985.

Plans are being carried out to integrate two sections of cracked
pipe into the ANL ALD Facility. One specimen has a field-induced IGSCC about
25 mm long at the inner surface. The crack is estimated to be about 9 mm
deep (302 throughwall). The outer surface of the pipe section will be
machined down until the crack is visible and has an acceptably long outer-
surface dimension. The second crack was grown at PNL as part of another ANL
NRC program. ANL will receive a "ring" about 10 cm in diameter that contains
a throughwall crack with an outer-surface length greater than 25 mm. These
two cracks will permit investigations of acoustic signals from leaks with
flow rates approaching 1 gal/min.



44

3. Valve Leakage Monitoring

On November 29, 1984, a meeting was held at the Rockwell Inter-
national Energy Technology Engineering Center (ETEC), Canoga Park, CA, with
attendees from ETEC, ANL, ORNL, and NRC. The purpose of the meeting was to
discuss the possibility of integrating ANL and ORNL into the NRC-funded
valve leakage program at ETEC. A cooperative program, in which useful
acoustic leak data would be obtained from a variety of valves, seems feasible.
A comparison between ANL crack-leak data and valve-leak data obtained with
ANL instrumentation would provide ut>«;iul input to the problem of discri-
minating valve leaks from crack leaks

Subsequently, three 3-mm-diam SS waveguides with AET-375 trans-
ducers were attached to check valves at the ETEC valve leak facility. The
waveguides were screwed into standoffs welded to the top of the valves. The
standoffs are 100 mm long and 13 mm in diameter and have a 6-mm-deep threaded
hole for the waveguides. During the week of April 27, 1985, ETEC personnel
were able to carry out a room-temperature test at 2200 psi. At that time,
however, the resulting leak was too small to be detected. The leak rate was
estimated to be less than 0.0001 gal/min (0.4 cm /min). This is below the
threshold for our equipment. The test did allow us to record the background
noise (electrical and acoustic) and check the compatibility of ETEC tapes
and ANL signal analyzing equipment. Subsequent tests, carried out with leak
rates on the order of 0.01 gal/min (40 cm /min), have not yet been analyzed.
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