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Abstract Experiments of nondestructive inspection (NDI) on copper heat exchanger tubes using an HTS-SQUID have been
conducted. An eddy-current-based NDI system using HTS-SQUID gradiometer cooled using a cryocooler was developed for
the detection of micro flaws on thin copper tubes 6.35 mm in diameter and 0.825 mm in thickness. With an excitation field of
1.6 uT at 5 kHz, a 30-um-depth flaw was successfully detected by the system, where the conventional NDI techniques would
fail to detect. Numerical simulations were also investigated to know how many sensors would be required for inspection

around a whole circumference of a copper tube.
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1. Introduction

Eddy current testing (ECT) has been employed for
detection of flaws occurred on heat exchanger tubes as a
nondestructive inspection (NDI) technique for quality
control [1-3]. However, as the heat exchanger tubes have
been formed thinner than 1 mm for better performance, a
new NDI technique with higher sensitivity than conventional
ECT systems is required for inspection of very shallow
flaws a few tens pum in depth.

Taking advantage of the uncontested high sensitivity,
SQUIDs have been applied to NDI on metals and
electrically conductive composites for detection of small
defects [4-6]. In this study, we constructed an
eddy-current-based NDI system applying an HTS-SQUID
gradiometer cooled using a cryocooler for copper heat
exchanger tubes. The inspection of micro flaws on the tubes
was demonstrated using the SQUID-NDI system. Numerical
simulations were also studied to know how many sensors
would be required for inspection around a whole
circumference of a copper tube.

2. NDI method

The NDI method for detection of micro flaws on the
copper heat exchanger tubes that we employ is based on
eddy current technique. A Helmholtz-like coil composed of
two identical field coils is used as an inducer [7]. Figure 1
shows the schematic image of the principle of the detection
method. A copper heat exchanger tube under test is moved
through a Helmholtz-like coil, which induces an eddy
current in the tube while applying an excitation field. In the
case of the tube with a flaw, the eddy current is disturbed
due to the flaw, and then the disturbed eddy current
generates anomalous magnetic signal. An HTS-SQUID
gradiometer, which is set at the middle of the Helmholtz-like
coil and above the tube, measures the anomalous field
gradient generated by the eddy current.

3. SQUID-NDI system

A SQUID-NDI system for inspection of copper heat
exchanger tubes was constructed in an electromagnetically
shielded room. The system is composed of an HTS-SQUID
gradiometer with SQUID electronics, a cryostat with coaxial
pulse tube cryocooler (PTC) and motor valve and
compressor, Helmholtz-like coil with position adjuster, a
current supplier, a lock-in amplifier, an electric slider with a
slider controller and a PC. Figure 2 shows the schematic
illustration of the system. An HTS-SQUID gradiometer was
introduced in order to operate the system in a nearly ambient
field. The gradiometer also suppresses the increase in
magnetic noise due to the mechanical vibration by the
cryocooler. The HTS-SQUID gradiometer is a
direct-coupled type, and has differential rectangular pick-up
coils. The size of each pick-up coil and the baseline length
of the gradiometer are 2.88 mm x 3.6 mm and 3.6 mm,
respectively. We employed a compact coaxial PTC with low
mechanical vibration amplitude less than 1.5 pym at the cold
head to cool the SQUID. The working temperature of the
SQUID is around 74 K. The details of the gradiometer and
PTC are described elsewhere [8,9]. The magnetic flux noise
of the SQUID-NDI system measured in a flux-locked loop
(FLL) operation in the eddy-current shielded room is about
70 poo/Hz' from 10 Hz to 5 kHz, where ¢ = 2.07 X 10™**
Wb is the magnetic flux quantum. Corresponding field
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Fig. 1. Principle of the eddy-current based SQUID-NDI method
to detect a shallow flaw on a copper tube.
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Fig. 2. Schematic diagram of the SQUID-NDI system cooled
using a cryocooler for inspection of tube specimen.
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gradient noise is about 7 pT/cm/Hz"2. The turn number and
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dimensions of each field coil of the Helmholtz-like coil are g 1 :.'v— ..
3000 and 50 mm in diameter and 42 mm in length, 2, . “ /7
respectively. The field coils are separated with a distance of s S LA
44 mm between each coil end while aligning the center of g-1 Y : hd
each coil. The details of the system is described elsewhere o, i ) ) .
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4. Specimens 100-pm-d\epth faw |
Three copper heat exchanger tubes that had artificial =~ = S¥ms=sssooeeomiosesheootooo =
micro flaws on surfaces were prepared as specimens. These (b)
tubes were selected from commercial products. The
dimensions of all the tubes are 6.35 mm in outer diameter, g (Depth: 50um)
0.825 mm in thickness and 300 mm in length. The common 8 o4 P - W ]
dimensions of the flaws are 100 um in width and 15 mm in & L. s .‘-.\ )_/‘-'g
length. The depths of the flaws are 100 um, 50 um, and E oo \ - T~ S
30 pm, respectively. The flaws were made using an electric E-m ——-}s.‘.'.
. . < K
discharge machine. T s u/:
o
5. Inspections P gy 10 15 20 25
The inspection of the copper heat exchanger tube Scanning position [mm]
specimens was demonstrated using the SQUID-NDI system. = /a----==s============ ~ )
A sinusoidal current of 5 kHz was applied to the oo __50-um-depth flaw __:, Y

Helmholtz-like coil to generate an excitation field. The
magnetic flux density B, was 1.6 uT at the middle of two (©)
field coils. The tube specimens were moved stepwise

through the Helmholtz-like coil with a step of 0.3mm. The T
flaws were set to be closest to the SQUID gradiometer with = .
a lift-off distance 1.5 mm. The amplitude and phase of the f—; | ™
field gradient in the x-direction of the vertical magnetic field E 02 p * d
dB,/dx were measured using the HTS-SQUID gradiometer 'E- ool S| £Signal peak-—
(See Fig.1). Before the measurements, the position of the < "«\-_'P_e_%‘i?!‘!?'_"}!@?vfu{-
inducer was carefully adjusted relative to the gradiometer to .g, 02
minimize the SQUID output due to the excitation field itself. ? o4 - .
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The experimental results on the tube specimens with Scanning position [mm]
100-pm-, 50-pm-, and 30-pm-depth flaws using the @ ~geTEE =
excitation field at 5 kHz are shown in Fig. 3. For the , 30-um-depth flaw_ )
reference, the same-dimensional flawless copper tube was 00 SEemmsssssssesossssomosssooo 22
also measured, and the result is plotted in Fig. 3 (a). In each (d)
figure, a cross-sectional view of the tube specimen is
depicted together. Except the result on the flawless specimen, Fig. 3. Measurement results. (a) Flawless, (b) 100-pm-depth
anomalous signals due to the micro flaws appear above the flaw, (c) SO-pum-depth flaw, and (d) 30-pm-depth flaw.
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Fig. 4. Relationship between a flaw depth and a signal peak-peak
amplitude due to the flaw.

flaws. As shown in Fig. 3 (d), the 30-um-depth flaw, which
conventional methods should fail to detect, was successfully
detected with an SN ratio of at least 20. Figure 4 shows the
relationship between the flaw depth and peak-peak
amplitude of the field gradient signal due to the flaw. We
defined the peak-peak amplitude as shown in Fig. 3 (d). The
signal amplitude decreases by a factor of d” as the flaw
depth decreases, where d is the flaw depth [10]. With
consideration of this relationship and the sensitivity of the
system, the experimental results indicate that the
SQUID-NDI system has a potential to detect
sub-10-um-depth flaws.

6. Simulations

As for the above-mentioned experiments, all flaws were
located to be closest to the SQUID. However, as for the real
situations, flaws do not always locate at the top of the tube.
Thus, we investigated how the magnetic signal due to a flaw
would change in the case that the flaw did not locate closest
to the SQUID by numerical simulation. Figure 5 shows the
simulation model that we employed. The left drawing in the
figure shows the cross-sectional image of a tube with a flaw.
In this simulation, we assumed that the magnetic field
generated by an eddy current disturbed due to a flaw could
be approximated with a magnetic field generated by virtual
current dipoles on the position of the flaw. As shown in the
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Fig. 5. The simulation model of a copper tube with a flaw in
the case that an eddy current is induced in the tube.

figure, a current dipole has a current moment Q. We defined
the angle 0 is the angle from the xz-plane to the flaw in the
yz-plane. The magnetic field B(r) at the measurement point
r was calculated using the following equation,

x(r—r,
B(r) = ﬂZQ(;;) (1)
dr < lr-r, |

where y, is the permeability of the air, and r; is the vector
toward a current dipole while i is the index of a current
dipole. The right drawing in Fig. 5 shows the top view of the
tube specimen. We assumed that the alignment of the virtual
current dipoles on the flaw location was composed of 16
discrete dipoles with separation of 1 mm for simplicity. The
current moment Q were assumed to have a amplitude of
240nAm. The dimensions of the flaw were assumed to be
15mm in length, 0.1mm in width, and 0.5mm in depth. The
dimensions of a tube specimen were same as the tube used
in the experiments. The height of the measurement points
was Smm. Then we calculated the gradient of magnetic field
dB,/dx generated by the alignment of current dipoles at the
measurement points as shown in Fig. 5, while rotating the
tube toward 6 direction stepwise with a step of 15 degree.

Figure 6 shows the simulation results, which give the
amplitudes of field gradient as a function of the
measurement point on the x-axis with rotation of the tube.
Nearly same shape plots as shown in Fig. 3 were obtained.
The signal peak-peak amplitude decreases with the increase
in rotation angle 8. The signal disappears at 8 = 90 degree,
because the virtual current dipole completely oriented
toward the z-direction and such dipoles generate no
magnetic component toward z-direction. When the rotation
angle excess 90 degree, the signal appeared again. However,
in such cases, the amplitude of the signal became
significantly small because the distance lr-r;l increases and
the signal decreases by a factor of Ir-rl® as shown in the Eq.
1.

Figure 7 shows the plot of the signal peak-peak amplitude
due to the dipoles versus the rotation angle of the tube. The
signal peak-peak amplitudes are normalized by the
amplitude at 6=0 degree. If the threshold is determined to be
20 % of the peak-peak amplitude at 6=0 degree as shown in
the figure, the plot indicates one sensor can cover the
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Fig. 6. The simulation results while rotating the tube stepwise
with a step of 15 degree from 0 to 90 degree.
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Fig. 7. Signal peak-peak amplitude due to the current dipoles
versus the rotation angle of the tube.

rotation angle of the tube about 90 degree. It lead to that 4 or
more sensors are necessary for inspection around a whole
circumference of a tube in the case that the tube cannot be
rotated.

7. Conclusions

The detection of artificial flaws several tens of pm in
depth on copper heat exchanger tubes was demonstrated
using the eddy-current-based SQUID-NDI system, in which
the HTS-SQUID gradiometer was cooled using the
cryocooler. With an excitation field of 1.6 uT at 5 kHz, a
30-um-depth flaw was successfully detected with an SN
ratio of about 20. The signal peak-peak amplitude of the
signal due to the flaw is approximately proportional to the
square of flaw depth. With consideration of the system
sensitivity, the results indicate that sub-10-pum-depth flaws
are detectable using the SQUID-NDI system.

In addition, the simulation was done to know how the
magnetic signal due to a flaw would change in the case that
the flaw did not locate closest to the SQUID. The simulation
results suggest that several sensors should be required for
inspection around a whole circumference of a tube in the
case that the tube cannot be rotated.
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