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ABSTRACT

For quality assurance in the Oak Ridge National
Laboratory Large Coil Program, we developed
ultrasonic and eddy-current techniques to
examine the JBK-75 alloy sheath for super-
conducting cable for a large magnet. Ultrasound
was used to examine the strip before forming
into the sheath, and eddy currents were used to
examine the seam weld after the sheath had been
formed around the cable.

INTRODUCTION

As part of the Large Coil Program (LCP) of
the Oak Ridge National Laboratory (ORNL),
Westinghouse and Oxford-Airco are cooperating in
the design and fabrication of a large super-
conducting magnet that uses one of the most
sophisticated superconductors ever attempted.
The final form of the conductor is 4&6 strands
(each a composite containing 2869 3.5-um
Nb3Sn filaments) enclosed in helium-leaktight
steel (JBK-75 alloyb) jacket. The integrity ol
the base strip and the seam weld are vital
because leakage of helium coolant could lead to
overheating and thus quenching of the super-
conductor as well as being detrimental to the
vacuum system. The problem was confounded by
concerns that repair welds on the sheath after
precipitation treatment could result in locally
inadequate mechanical properties. Thus,
nondestructive examination is needed to detect
potential leaks in time for corrective action.

Extensive discussion and consideration led
to the optimum solution for assuring the
integrity of the JBK-75 sheath: an ultrasonic
volumetric examination before forming into the
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'•A modification of A-286 precipitation-hardening
stainless steel, containing nominally (wt %)
30 HI, 14 Cr, 1 Mo, 2 Ti, and 0.02 C.

sheath and an eddy-curcent examination of the
seam weld of the formed sheath. Preliminary
investigations showed feasibility and generated
optimism that scanning equipment could be
assembled and applied for the ultrasonic
examination. No commercially available
equipment was capable of eddy-current exami-
nation of the weld. Earlier eddy-current work
at ORNL had resulted in a computer-based
mult ifrequency system* able to suppress signals
from unwanted variables (e.g., lift-off,
conductivity, etc.) and enhance signals caused
by properties of interest (e.g., flaws and
thickness variations). Unsuccessful studies by
others had shown that the many variables in the
superconductor (weld contour, stranded cable
behind the weld, etc.) prevented conventional
eddy-current techniques from detecting flaws of
interest. A brief feasibility study with the
ORNL-developed equipment clearly showed the
potential for valid examinations. This paper
describes the development of and successful
application of the ultrasonic and eddy-current
equipment and techniques to perform the required
examinations.

ULTRASONIC DEVELOPMENT AND APPLICATION

Background

Ultrasonic techniques for examination of
the strip before forming into the sheath would
assure that the strip was free of disconti-
nuities (e.g., laps and cracks) that could lead
to leakage. Previous experience and feasibility
studies on samples of strip showed that shear
wave ultrasonic techniques should be applicable.
Commercial instrumentation and equipment could
be used, but an industrial survey disclosed that
no available mechanical scanning equipment would
be appropriate for the large coils of 78-mm-wide
by 1.6-mm-thick strip (3.07 by 0.063 in.). Thus
appropriate mechanical devices were needed for
handling the coils of strip, driving the strip
through an immersion ultrasonic tank, and
cleaning before rewinding.
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Mechanical System

The mechanical system needed for the
ultrasonic immersion testing of large coils of
strip required sturdy drive and takeup features.
Each coil contains about 120 m (400 ft) of
strip, weighs about 180 kg (400 lb), and has
inner and outer coil diameters of about 400 and
700 mm (16 and 28 in.)' for examination, a coil
of strip was placed on the rotatable head of a
welding fixture in the horizontal position and
then moved to the vertical plane. The loading
turntable is ac Che lower right in Fig, 1. The
spindle on the turntable consists of three
polyurethane-tread wheels mounted on sections of

Fig. 1. Welding fixture (lower right) used
to unwind JBK-75 strip for feeding through ultra-
sonic inspection tank (upper left).

Un is true The white nylon sections used to
limit the lateral movement of the coil as it
unwound were later replaced by plywood disks.
Also visible in Fig. 1 is the strip arching into
the immersion tank and being fed through guide
wheels that control its motion into the
immersion tank. Figure 2 shows the total system
with the loading fixture on the left and a
similar fixture on the right for pulling the
strip through the tank and rewinding it with
paper interleaved. The emerging coil is cleaned
by two sets of gauze-wrapped rollers, the first
is saturated with alcohol and tne second
provides additional cleaning and initial drying
before the strip is passed between two
forced-air dryers.

Guide wheels at intervals in the immersion
tank assure proper alignment of the strip in the
inspection area and near the exit.

Ultrasonic Techniques

Pulse-echo immersion ultrasonic techniques
with demineralized water as the couplant were
used. The tests developed could detect
longitudinal and delamination flaws (areas of
separation within the strip lying near an edge).
First, we attempted to use a 5-MHz ultrasonic
search unit to generate in the strip shear waves
that would scan at least one-half the 78-raa
width for longitudinal flaws, but the
attenuation (also at 2.25 MHz) was too great.
Interrogating at 1 MHz provided the necessary
coverage. The lower frequency adequately
detected flaws in the center zone of the strip
but did not resolve planar flaw indications
within the large reflected signal from the edge.
Thus, we added a higher frequency (2.25 MHz)
test for flaws located near the edge. In fact,
we included a transducer for each edge, so the
strip had to be drawn tnrough the station only
once to detect longitudinal flaws near both
edges. The examination zones overlap those of
the first unit. The three-search-unit scheme is
shown in Fig. 3.

Fig. 2. Ultrasonic immersion inspection system used to inspect strips of JBK-75 sheath material.
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Fig. J. Ultrasonic techniques for JBK-75 strip.

The laminar flaw tests on each edge were
added because this type flaw could impair
welding, and such tests would be simple to
perform during the longitudinal flaw inspection.
The laminar flaw tests used two 5-MHz search
units (see sketch in Fig. 3) perpendicular to
the strip and a reflector steel plate underneath
the strip. Sound passes through the strip
twice, and the transmitted signal intensity is
decreased botli times if a laminar flaw is
present.

Ultrasonic Inspection Station

At the center of the tank in Fig. 2 is the
ultrasonic inspection fixturing. Two sets of
ultrasonic inspection fixtures are shown closer
in Fig. 4. A roll of gauze keeps the strip free
of bubbles as it enters the inspection zone.
After the cleaning wipe, skate wheels control
lateral strip motion. A long urethane roller
just beyond the skate wheels keeps the strip
flat in the inspection zone. Another long guide
roller directly under this one provides another
pinch point on the strip. Additional long two-
roller guide systems are located at key positions
along the immersion tank. Three minimanipulators
(goniometer devices with knurl knobs) provide
the incident angles for the three longitudinal
flaw detection search units. The search units

Fig. 4. Ultrasonic fixturing used to
inspect strip. (a) For longitudinal flaws,
(b) For edge delaminations.

are located just above the strip [arrows in
Fig. 4(a)J and are angled to convert incident
ultrasound to shear waves at the water-steel
interface. The search unit and minimanipulator
nearest the bottom of Fig. 4(a) inspect most of
the strip width (i.e., the center section) for
longitudinal flaws. The search unit operates
at 1.0 MHz and is about 13 mm in diameter
(0.5 in.). The next two search units are
2.25-MHz units of the same nominal diameter.
They monitor for longitudinal flaws as close as
3 mm (0.12 in.) to the edges. The long vertical
round llS-mm-diara (0.75-in.)] tubes (on which
the minimanipulators are mounted) are ultrasonic
search tubes, and they provide the electrical
contact (along with coaxial cables) between the
flaw detectors and the search units.

tn addition to the three search tubes for
longitudinal flaws, the two in Fig. 4(£) provide
the electrical connection, mechanical support,
and stability for the search units [5 MHz, 13 mm
(0.5 in.) in diameter] used to test for laminar
flaws or voids near uie edges of the strip.
Each search unit has its response confined by a
lead mask to a 3.18-mm-diani (0.125-in.) area.

Electronics and Calibration

Figure 2 also shows the four commercial
ultrasonic flaw detectors used for the strip
inspection. One unit with a built-in electronic
distance—amplitude correction circuit monitored
the response from the 1-MHz examination of the
major portion of the strip. A dual-channel unit
monitored the response from the 2.25-MHz
transducers inspecting for longitudinal flaws
near the edges. Two units monitored the



detection of laminar flaws near the edges. All
units had audible alarms to signal a detected
flaw. The alarms and visual observation of the
flaw detector displays were used by the
certified ultrasonic inspector to determine the
acceptability of the strip as compared with a
reference calibration strip.

The inspection was calibrated periodically
against a section of strip containing machined
reference flaws (longitudinal saw cuts,
electrodischarge-machined notches, and drilled
flat-bottom holes) in the various zones and
overlap regions of interest. The notch depths
were nominally 0.25 ram (0.010 in.), and the hole
diameters (near the edge of the strip) were 1.59
and 3.18 ram in diameter (1/16 and 1/8 in.). The
alarm levels of the instruments responded to the
notches and the 1.59-mm holes.

Inspection Results

Fifty-four coils of the JBK-75 strip
material were examined for longitudinal and
laminar flaws. No discontinuities comparable
in size to the reference flaws were detected.
However, near each end of the coils local
bending in the strip affected the ultrasonic
entry angle into the strip and decreased the
confidence. This, coupled with surface
scratching evident near the ends, led to the
recommendation that these ends not be used in
fabrication. This was in agreement with the
usual fabrication practice not to use the first
and last 6 ra of the coil.

EDDY-CURRENT DEVELOPMENT AND APPLICATION

Background

Eddy-current techniques and equipment were
selected as optimum for on-line examination of
the continuous longitudinal gas tungsten-arc
seam weld in the sheath after forming around the
superconductor cable. Early studies by others
had failed to separate signals related to
properties of interest from noise caused by the
superconductor, variations in weld contour,
coil-to-specimen spacing (lift-off), and others.
Conventional eddy-current techniques, which use
only a single frequency with the possibility
for measurement of magnitude and phase of the
signal, can separate only two variables.
However, prior theoretical and experimental
studies at ORNL had developed the capability for
solving such multiparameter problems by using
multifrequency techniques.

Inspection Problem

The JBK-75 sheath for the superconductor
cable is formed from strip and welded
continuously to form lengths of about 90 m
(360 ft) at a production speed of about 0.6 ra
(2 ft) per minute. The 1.6-mm-thick (0.063-in.)
roll-formed strip is autogeneously butt-welded

to form a circular tube with a diameter of 25 mm
(1 in.). Figure 5 shows a sketch of the weld
and a portion of the superconducting cable
adjacent to the welded sheath. The original
requirements were to examine the sheath weld
(from the outside) continuously as the sheath
was produced to detect longitudinal cracks
0.82 mm (0.032 in.) deep and transverse cracks
1.16 mm (0.064 in.) deep. Later requirements
included detection of smaller flaws, incomplete
penetration, and weld sag.

After the sheath is welded in the circular
shape, it is passed through forming rolls to
produce a square cross section (about 21 mm on
a side). Flaws detected in the on-line exami-
nation are then physically removed and weld
repair performed. Another inspection problem
was to manually confirm the presence, location,
and extent of flaws before weld repair and then
to confirm the integrity of the section after
repair. Supplementary eddy-current techniques
and equipment were developed to accomplish these
examinations also.

WELD

'-PROBE MOTION

REFLECTION PROBE

Fig. 5. Weld in sheath of superconductor
cable with eddy-current probe.

Inspection Instrumentation

A modular three-frequency instrument had
been developed by ORNL to solve multiparameter
examination problems such as in-service inspec-
tion of steam generator tubing.2 Figure 6 is a
block diagram of its functions. Three sinusoidal
frequencies are applied simultaneously to the
probe, which is adjacent to the specimen to be
examined. The properties of the specimen will
modulate the phases and magnitudes of the
frequencies, which are separated for computer
processing. After appropriate equations are
developed for processing the raw nagnitude and
phase, the processed data from the instrument
display the properties of interest (e.g.,
presence and size of flaws, specimen thickness,
lift-off).



RAW DATA
READINGS

Fig. 6. Slock diagram of three-frequency
eddy-current instrument•

Instrument Training

Computer programs for processing the raw
data were developed from both theoretical models
and experimental measurements on specimens of
seam-welded sheath containing flaws. The
tubular specimens ot simulated sheathed super-
conductor contain an array of flaws (holes,
notches, and lack of penetration) of various
sizes. The computer-controlled scanner moves
the probe over the specimens and collects the
raw data for the various conditions. A mini-
computer establishes the proper coefficients
for equations that relate the property of
interest (e.g., thickness) to different com-
binations of magnitude and phase of the three
eddy-current frequencies. These coefficients
and equations are then used to program the
microcomputer in the instrument foe on-line
inspection. Figure 7 shows (a) the uninter-
pretable original raw data obtained during
scanning of a reference specimen containing
inner surface flaws and (2>) the easily
interpreted processed data.

Mechanical Scanning

The original intent was to mount a single
probe to ride the seam-welded conductor about
2 m (6 ft) downstream from the welding head to
detect and correct faulty welding conditions.
However, the need developed to scan an 8-mm
(0.3-in.) width including the heat-affected
zone. The coil [mean radius of 2.1 mm
(0.083 in.)] had an effective examination width
of about 1.5 nm (U.060 in.). Therefore, full
coverage of the weld area would require either
{1) use ot multiple coils across the inspection
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Fig. 7. Three-frequency eddy-current
signals from a weld seam containing flaws,
(a) Kaw data of magnitude and phase.
(&) Computer-processed data.

zone (with multiple instruments or multi-
plexing) or (2) scanning the single probe coil
laterally across the weld area as the weld
moves linearly.

The latter choice was made. Figure 8 shows
the scanning device that we developed for a
reciprocating motion on the probe. When mounted
on the welding line, the speed of reciprocation
was adjusted to the linear motion of the seam
weld and the frequency of data taking to assure
consistent overlap between inspection sites. We
programmed the microcomputer to synchronize
signals to the strip-chart recorder so that data
were consistently recorded for five parallel
scrips along the weld zone.



Fig. 8. Reciprocating scanner for eddy-
current probe on the sheath welding line*

Examination of Meld Repairs

The primary on-line examination of the seam
welds provides an ink mark on flaw areas of
interest to allow subsequent examination of the
superconductor after it has been formed into the
square cross section and coiled into a pancake-
Application of the eddy-current examination at
this sta^e required modification to the
programming of the microcomputer and development
of a manual scanner for the probe. Figure 9
shows the hand-held probe positioner for use in
reexamination of the weld zone both before and
after the weld repair.

Inspection Results

The programmed multifrequency eddy-current
system has been applied on-line to several
batches of superconductor cable and off-line for
manual examination of flawed areas. Good
agreeme.it lias been observed between flaw size
determined by eddy-current measurement and by
destructive analysis.

SUMMARY.

Ultrasonic and eddy-current techniques and
equipment have been developed and applied for
the inspection of the sheath strip and seam
welds, respectively, of the Westinghouse-Airco
superconductor coils. The ultrasonic immersion
technique featured five transducers for
detection of 0.25-mm (0.010-in.) longitudinal
flaws and 0.59-mm-diam (1/16-in.) laminations.
Special mechanical systems were developed for
handling the large, heavy coils o£ 120-m-long
strip and controlling the movement of the strip
through the inspection station. The multi-
frequency eddy-current system was able to
selectively suppress the signals caused by the
cable bundle inside the sheath (and other
variables) and enhance the signals from flaws of
interest. Unique probe scanning and instrument
developments allowed useful on—lip . scanning of
the seam weld. The application o. the combined
technologies contributed to cor ; .deuce in the
integrity of the superconductoi cable for this
large magnet being fabricated or the Large Coil
Program.
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Fig. 9. Manual probe manipulator used
during weld repair.
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