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I. INTRODUCTION
Inspection of steam generator (SG) tubes in aging
Nuclear Generating Stations is increasingly impor-
tant. Defect detection and sizing, especially in defect
prone areas such as the tubesheet, support plates
and U-bend regions, are required to assess the fit-
ness for service of the SG. Information about defect
morphology is required to address operational
integrity issues, i.e., risk of tube rupture, number of
tubes at risk, consequential leakage.

In 1991 Bruce Nuclear Generating Station A (BNGS-
A) was shut down because of SG tube failures due to
circumferential stress-corrosion cracking (SCO at the
40° hot leg "U-bend support plate. Eddy current
inspection was performed using the best commer-
cially available technology at that time which used
pancake impedance coil probes. It was demonstrat-
ed that impedance probes were unable to detect any
cracks except some that had propagated 100%
through the tube wall1.

To address this problem AECL developed a new
probe specifically designed for detecting circumfer-
ential SCC.

This probe, denoted as C3, is a transmit-receive (T/R)
multi-coil array probe with four or eight T/R units .
Since the first field trial on 1000 tubes, it has been
used routinely to inspect SG tubes at four CANDU
plants for detection and sizing of SCC . The probe
was able to detect cracks as shallow as 40% deep1.

Recently, a new T/R probe was designed to address
the need of detecting circumferential and axial cracks
simultaneously. The C5 incorporates T/R array probe
technology with equal sensitivity to both type of
cracks and a bobbin probe for historical comparison.

T/R array probes with up to 24 T/R units have been
used to inspect 12.9 to 22.2 mm diameter tubing for
external as well as internal SCC in CANDU and PWR
steam generators.

This paper discusses the operating principles of T/R
eddy current probes. It describes field experiences
with detection and sizing of SCC with the C3 probe.
Additionally, it explains the features of a C5 probe
and its applications.

2 . BACKGROUND INFORMATION
Detection of circumferential cracks is one of the
most challenging aspects of eddy current tube
inspection. Bobbin type probes have very low sensi-
tivity to circumferential cracks, because the eddy cur-
rents flow parallel to the circumferential coil wind-
ings, and do not interact with circumferential cracks2.

The usual solution is to use rotating pancake probes
(MRPC) or probes consisting of an array of small pan-
cake coils. These probes are usually composed of
impedance coils that have good sensitivity to internal
circumferential cracks. However, they have low sen-
sitivity to external defects, and they generate large
lift-off noise that complicate signal analysis and
reduce sensitivity23. These probes are normally
spring loaded to minimize lift-off effects but that in
turn makes them prone to mechanical failure.

Research at Chalk River Laboratories, established
that T/R probes have much lower sensitivity to lift- -
off noise than impedance probes. Computer simula-
tions4-5 of small defect signals and lift-off for imped-
ance and a T/R probes are compared in Figure 1. For
the same defect, signal-to-noise with a T/R probe can
be 5 to 10 times that of an impedance probe.

3 . PROBE CHARACTERISTICS

3.1 Probe Features
The C3 probe is a differential multi-coil T/R probe.
Figure 2a shows a C3 probe with eight sets of T/R
coil units operating at four multiplexed frequencies.
Unlike a 6x1 or 8x1 spring loaded surface probe it has
no moving parts permitting single pass inspections
as fast as bobbin type probes. The eight T/R units are
contained in two separate bodies. Each probe body is
encased in a metallic sleeve, with centering guides.
The probe bodies are physically separated by a sec-
tion of flexible cable, because a single solid body
would be too long to go around tight U-bends. This is
a robust design but still flexible enough for it to pass
around U-bends as small as 150 mm radius without
difficulty.

To obtain eight T/R units, the transmit coils adjacent
to either side of the receive coil pair are active at dif-
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ferent multiplexed times. This allows each receive
coil pair to detect a signal from one transmit coil at a
time1. This results in eight separated windows of
sensitivity.

Computer modelling and laboratory tests have
demonstrated that probe sensitivity is maximum
between transmit and receive coils and drops to zero
at the centre of the coils4-5. Circumferential coverage
of each probe body (coil array) can be represented by
four windows of approximately 45° of high sensitivi-
ty areas located between transmit and receive coils,
with four windows of low sensitivity areas located at
the centres of the coils. It follows that each probe
body is capable of only 50% coverage of the tube cir-
cumference. To achieve 100% coverage of the tube
circumference in a single scan the second probe
body is rotated 45° with respect to the first one.
Figure 2b illustrates the eight windows of sensitivity.

The C3 probe requires an instrument that can oper-
ate in T/R mode. The Zetec MIZ-18 requires a modi-
fication board designed for this application. Newer
instruments such as the Zetec MIZ-30 or the RD
Tech TC-6700 have this capability incorporated in the
basic instrument.

3.2 Directional properties

A T/R probe's maximum response corresponds to
variations in the induced magnetic field in the region
between the transmit and receive coils. They have
directional properties, being sensitive primarily to
defects in-line with the T/R coil pairs.

The differential C3 probe design was originally opti-
mized for detecting circumferential cracks.
Nevertheless, it retained some sensitivity to cracks
which are not perfectly circumferential.

4. SIGNAL ANALYSIS

4.1 Display of Data
A usual concern, when new eddy current technology
is introduced, is whether signal analysis is more com-
plicated than that of standard technology. Since the
C3 is a differential probe, each channel yields the
familiar figure-8 signal, making the probe "user friend-
ly". Additionally, signal analysis done with systems
such as the Zetec Eddynet or Westinghouse ANSER
programs, which produce multi-channel presentation
of data, is relatively easy, since they allow analysts to
study the signals from multiple T/R units or frequen-
cies at the same time. Calibration tubes need to con-
tain concentric grooves, rather than localized defects
as in the ASME standard, to allow all separate T/R
units to be calibrated simultaneously. The calibration

tubes also contain a concentric indentation which is
used to establish signal phase. The signal is set hori-
zontally and moving to the left as the probe is retract-
ed through the tube past the indentation, so the con-
tribution of tube deformation to the vertical defect
signal component is minimized (Figure 3a).

The data shown in Figure 3b illustrate signals from a
C3 probe with eight T/R units, at a test frequency of
250 kHz. Only one unit out of eight detected the
EDM notches, implying that circumferential resolu-
tion is about 5 mm. Signal-to-noise at the eccentri-
cally deformed tube section is excellent.

4.2 Defect Sizing

4.2.1 Crack Depth

Typically, eddy current testing uses signal phase (ori-
entation angle on the Lissajous display) to predict
defect depth. However, in the BNGS-A SGs, tube
deformation at the 40° hot leg scallop bar caused
large signal phase distortion. Therefore signal phase
was not considered a reliable parameter for predict-
ing crack depth in these tubes. Vertical signal ampli-
tude (Vmx) had to be used to estimate crack depth.

Since the eddy current signal amplitude from SCC is
affected by electrical contact between the walls of
the crack and factors such as crack morphology, arti-
ficial defects, such as EDM notches and machined
grooves cannot be used to generate accurate cali-
bration curves. Calibration curves for C3 probes were
derived by correlating eddy current signals with
results of destructive examination of pulled tubes
from BNGS-A, Unit 2 as well as laboratory induced
SCC. Figure 4a shows a calibration curve for the C3
eight T/R unit probe, for the 250-70 kHz mix. It con-
tains separate data points for ten pulled tubes and
the average normalized signal amplitude for repeated
scans of tubes with laboratory induced SCC. The
solid line represents 'the best-fit' curve through
these data points. The inserted table shows the volt-
age values and the corresponding depth used to
build the curve1-6.

Figure 4b presents the sizing accuracy using the cali-
bration curve for the 250-70 kHz mix. The solid lines
represent ideal sizing of eddy current predicted depth
versus the metallography measurement with a ±15%
error band. In most cases, the ET estimates, with the
calibration curve, fall inside the ±15% error band.

4.2.2 Crack circumferential extent

Defect length is an important licensing issue. The
combined information about circumferential crack
extent and crack depth was required to assess risk of
tube rupture.
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The C3 probe with eight T/R units generates eight
outputs, each covering a detection window of
approximately 45° of the tube circumference, thus
crack length can be estimated by the number of units
detecting the crack. Furthermore, the output from
each unit can be plotted in sequence around the cir-
cumference at equal intervals to produce a two
dimensional depth profile of the crack.

C3 probes were used to assess circumferential
extent of cracking in about 50 tubes6. To validate the
method, eddy current predictions were compared to
destructive examination results of ten pulled tubes
from BNGS-A and 20 tubes with laboratory induced
SCC. Figure 5a shows a two dimensional profile gen-
erated with the eddy current data of the crack in a
pulled tube, superimposed to actual crack profile
obtained by metallography. The solid line, which was
generated using a polynomial equation, represents a
'best-fit' curve through the discrete values of the
eddy current estimates. Figure 5b shows a cross-
section view of the tube . Note the good agreement
between the two profiles.

The information provided to the station, was crack
extent at given defect depth level. Figure 6 illustrates
accuracy of the measurements. The solid line repre-
sents the ideal sizing versus the metallography mea-
surements with a ±5 mm error band. The tubes with
laboratory induced SCC were scanned several times
at different relative probe positions to determine
repeatability. The plot shows that, in all cases the
measurements were within the ±5 mm error band.

6. OTHER APPLICATIONS OF T/R ARRAY
PROBES
The C3 probe has been used to inspect 22.2 mm
diameter Inconel 600 tubes in PWR SG for internal
SCC (PWSCC) at the U-bend transition. The probe,
first evaluated in short U-bend samples with labora-
tory induced SCCs, was able to detect cracks as shal-
low as 20% deep; field evaluation showed that the
single pass C3 probe had defect detectability as good
or better than MRPC.

A growing area of interest has been the simultaneous
detection of both, circumferential and axial cracks.
Computer modelling studies were conducted to
design a probe with equal sensitivity to circumferen-
tial and axial cracks5. This new probe, denoted as C5,
comprises 8 to 24 T/R units with equal sensitivity to
circumferential and axial cracks, as well as volumet-
ric defect detection capabilities, and a conventional
bobbin probe to obtain historic signals for compari-
son. Figure 8a illustrates computer-predicted areas of
sensitivity for a C5 T/R unit to short circumferential
and axial cracks. Figure 8b shows C5 probe response
to an axial crack at the tubesheet expansion region.
These probes have been used to inspect tubes from
15.9 mm (5/8") to 22.2 mm (7/8") diameter. The C5
probe was accepted by the US National Regulatory
Commission for providing SG fitness-for service.

Recently, new software has been developed to gener-
ate C-scan displays from array probe data (tube map-
ping). This type of display provides the analyst with a
very useful tool to rapidly visualize tube artifacts.

5. PROBABILITY OF DETECTION
The C3 probe has been extensively used to inspect
12.9 mm diameter, Inconel 600, BNGS-A SG tubes.
The probes were able to detect and size cracks at the
area of interest, where conventional eddy current
probes had previously failed to detect any cracks that
had not propagated completely through the tube
wall.

Detectability with the C3 probe was not significantly
affected by deformation, yielding a clear vertical sig-
nal from defects. However, the presence of copper
and magnetite deposits, in some cases, reduced sig-
nal-to-noise and complicated signal analysis.

Correlation of the destructive examination results of
100 pulled tubes was used to generate probability of
detection (POD) histograms of circumferential cracks
with the C3 four T/R unit probe. Figure 7 shows that
cracks deeper than 40% are likely to be detected,
while the POD decreases rapidly for shallower
cracks.

7. SUMMARY/CONCLUSIONS
A single-pass C3 probe improves the detection of cir-
cumferential cracks in SG tubes. C3 probes detected
circumferential SCC, previously undetected by con-
ventional impedance probes. Comparison between
predicted depths and destructive examination indi-
cated good detection and sizing for circumferential
SCC as shallow as 40% through-wall. The probe
yields the familiar figure-8 signals with similar phase
separation as that of standard bobbin probes. The
speed of inspection is similar to that for standard
bobbin probe inspection, and because the probe has
no moving parts is more durable than surface riding
probes.

The C5 T/R probe provides equal sensitivity for both
axial and circumferential cracks in SG tubes including
those at tubesheet expansions.

Computer modelling can be used to predict
probe/sample responses, significantly increasing
confidence in this new technology.

3 2 1



CANDU MAINTENANCE CONFERENCE 1995

8. ACKNOWLEDGEMENTS
The authors are indebted to the NDT Development
Branch personnel and students for their assistance in
probe development and collection of data described
in this paper; to Westinghouse Canada for manufac-
turing the probes, and to the Ontario Hydro inspec-
tion crews and all members of the Specialized
Inspection and Maintenance Department that partic-
ipated in the field trial of the C3 probe.

Much of this work was supported by the CANDU
Owners Group (COG).

9. REFERENCES
1 Obrutsky L.S., Cecco VS., Sullivan S.P., "T/R Eddy

Current Probes For Circumferential Cracks In SG
Tubes", presented at the 2nd International Heat
Exchanger and SG Conference, sponsored by the
CNS, Toronto, (1994 June).

2 Cecco, V.S., Van Drunen, G. and Sharp, F.L, "Eddy
Current Testing Manual, Vol. 1 " , AECL report
AECL-7523, Chalk River, Ontario (1981).

Cecco, V.S., and Van Drunen, G., "Recognizing the
Scope of Eddy Current Testing", in Research
Techniques in Nondestructive Testing, Vol. 8, ed.,
R.S. Sharpe, Academic Press Inc., pp. 269-301
(1985).

Dodd, C.V. and Deeds, W.E., "Analytical Solutions
in Eddy-Current Probe-Coil Problems", Journal of
Applied Physics, Vol. 39, No. 6,, pp. 2829-2838
(May 1968).

Sullivan S.P., Cecco VS., Addario M.S. and Emde
K.A., "T/R Probes for Eddy Current Steam
Generator Tube Inspection" paper presented at
the 12th EPRI SG NDE Workshop, Park City, Utah
(August 1993).

Obrutsky L.S., Fortin L, Cecco VS., Sullivan S.P.
and Harasym T., "Circumferential Crack Length
Measurement with a T/R Eddy Current Array
Probe" , paper presented at the 14th EPRi SG
NDE Workshop, Seattle, Washington (August
1995).

Impedance Probe

6 mm

?

Defect

Defeot Signal

Lift-off = 0.1 mm

Impedance Probe Signals

Transmit-Receive Probe

II mm

1.1 mm A

Defect

Defect Signal

Lift-off = 0.1 mm

Tntnsmit-Receive Probe Signals

Figure 1: Signal-to-noise comparison between an impedance
probe and a transmit-receive probe. The "signal" is due to a
small crack. The "noise" is due to a 0.1 mm variation in lift-off.
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Figure 2: C3 Probe Showing T/R Coil Configuration and
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Figure 3: Signals with an 8 T/R Unit C3 Probe.
a) X-Y and Strip Chart Signals from the 80% EDM Notch plus
Deformation.
b) Eight-Channel Strip Chart Display of Calibration EDM
Notches, 40 to 100% Deep, 3 mm Long.
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Figure 4: Crack Depth Sizing with a C3 Eight T/R Unit Probe:
a) Empirical Calibration Curve
b) Sizing Accuracy
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Figure 5: Comparison Between t ie Actual Crack Geometry and
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Figure 6: Comparison of ET Predicted and Actual Defect
Length of Laboratory Induced SCC (Average Value for
Repeated Scans) and Pulled Tubes from BNGS-A.
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Inconel 600 SG Tubes. This Data is Based on Pulled Tube
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Probe to Short Circumferential and Axial Cracks.
b) C5 Response to a Defect Free Tube in the Tubesheet
Expansion Region
c) Tube with Axial Crack.
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