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Abstract

In this paper, we present our latest progress in the studies on SQUID-NDE for carbon fiber composites (CFCs),
including carbon fiber reinforced plastics (CFRPs) and carbon fiber reinforced carbon matrix composites (C/Cs). We
have developed a new SQUID-NDE system for the CFCs utilizing a pulse tube cryocooler for more practical and easy-
handling use. Electromagnets using U-shaped ferrite cores have been introduced to the system in order to induce en-
ough eddy current density in the relatively low-electric-conductivity CFCs. By using this system, we demonstrated the
detection of deep-lying defects in thick and/or multi-layer CFCs specimens, partly including metal layer upon/below
CFCs layer. CFRP plates and multi-layer C/C plates with total thickness of 20 mm having deep-lying slots at various
depths were prepared. The slots at 15 mm below the surface in the CFRP plate and multi-layer C/C plate were suc-
cessfully detected. Defect detections on more “‘real” multi-layer structures, including aluminum plates upon/below C/C
plates, were also examined.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction (CFRPs) and carbon fiber reinforced carbon ma-
trix composites (C/Cs), have been preferably em-

In recent years, carbon fiber composites ployed in several aerospace industries [1,2]. This is
(CFCs), including carbon fiber reinforced plastics mainly due to the advantages of the composites,

such as lightweight, high strength and stiffness. In
addition, high-fatigue resistance, fracture tough-
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of space shuttles [2,3). However, the traditional
NDE techniques, using ultrasonic, X-ray and
acoustic emission, have faced serious difficulties in
NDE on the CFCs, especially on C/Cs, due to their
unique properties [4-6]. Furthermore, NDE on
thick and/or multi-layered CFCs structures are
almost impossible. This is the reason why the
CFCs are rarely used in primary structures, which
require high reliability. Because of these problems,
we cannot fully take advantage of the CFCs.

From late ’90, study on SQUID-NDE tech-
niques for CFRPs was started [7]. So far, the
effectiveness of the SQUID-NDE for relatively
thin CFRP plates (a few mm thickness) has been
revealed by some researches [8-10]. On the other
hand, studies on SQUID-NDE for thick CFC
materials, and for C/Cs have been also in progress
[11-13]. Recently, we have improved our SQUID-
NDE system by utilizing a coaxial pulse tube
cryocooler (PTC) [13], while employing a high-T;
SQUID gradiometer and electromagnets with U-
shaped ferrite cores [11], for more practical and
easy-handling use in unshielded environments. By
this system, defect detections on thick and/or
multi-layer CFCs structures and even more “real”
multi-layer structures, in which CFCs layers are
combined with metal layers, should be possible.

By using the SQUID-NDE system, we demon-
strated the detection of deep-lying defects in thick
and/or multi-layer CFCs specimens, partly
including metal layer upon/below CFCs layer.
One-layer CFRP plates and multi-layer C/C plates
with total thickness of 20 mm having deep-lying
slots at various depths were prepared as speci-
mens. These slots were inspected by the system.
Inspection on the multi-layer C/C-Al specimens
was also investigated.

2. Specimens

One-layer CFRP plates, multi-layer C/C plates,
and multi-layer C/C-Al plates, with artificial deep-
lying slots at various depths, were prepared as
specimens.

The one-layer CFRP plates were made from
cross-woven carbon fiber textures and polymer
resin. The CFRPs plates were the laminated two-

dimensional (2D) type. The fiber volume factor
was 60%. The size of the CFRP plates was 200 mm
in length, 250 mm in width and 20 mm in thick-
ness. One CFRP plate had two slots with different
depths D on back surface; D is the distance be-
tween surface and the top of the slot. Fig. 1(a)
shows the cross-section of one CFRP plate. The
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40 40 Unit: mm
CFRP plates | Depthof slot #1 | Depth of slot #2
No. 1 5mm 17.5 mm
No. 2 7.5mm 15 mm
No. 3 10 mm 12.5 mm
()

Multi-layer C/C | Depth of slot
Slot #1 Omm
Slot #2 Smm
Slot #3 10 mm
slot #4 15 mm

®)
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Fig. 1. Cross-sections of the prepared CFCs specimens. (a)
One-layer CFRP plate with a pair of slots with different depths.
(b) Multi-layer C/C specimen with slot. (c) Multi-layer (C/C)/Al
specimen with slot of 10 mm depth. (d) Multi-layer Al/(C/C)
specimen with slot of 10 mm depth.
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depths of the pair slots D, and D, were 5 and
17.5 mm, 7.5 and 15 mm, and 10 and 12.5 mm,
as shown in table in Fig. 1(a). The length and
the width of the slots were 1 and 40 mm, respec-
tively.

C/C plates composing the multi-layer C/C
specimens were the cross-ply laminated 2D type
with symmetric fiber orientation [0/90/45/-45];.
The fiber volume factor was 50%. Pair of C/Cs
plates was stacked as a multi-layer C/C specimen.
Size of the specimens was 136 mm in length, 240
mm in width and 20 mm in thickness. Each spec-
imen had a common-size slot of 2 mm in length, 20
mm in width and 5 mm in depth at different depth.
Fig. 1(b) shows the cross-section of one multi-layer
C/C specimen. The depths of the slots D were 0, 5,
10 and 15 mm, as shown in Table in Fig. 1(b).

Two types of the multi-layer C/C-Al specimens
were prepared; one was a C/C plate stacked on an
Al plate with a slot, and the other was an Al plate
stacked on a C/C plate with a slot. The same C/C
plates as the multi-layer C/C specimens were used.
The sizes of the specimens and the slots were also
same as those of the multi-layer C/C specimens.
Fig. 1(c) and (d) show the cross-sections of the
multi-layer (C/C)/Al specimen and the multi-layer
Al/(C/C) specimen. Both specimens had single slot
of 10 mm depth.

3. SQUID-NDE system cooled by a PTC

We have developed a SQUID-NDE system
cooled by a coaxial PTC. This system is composed
of a high-T, SQUID gradiometer, SQUID elec-
tronics and non-magnetic cryostat, lock-in ampli-
fier and current supplier, 2D scanning stage, the
field generator using electromagnets, and the
coaxial PTC with the compressor and the rotary
valve. In this system, we employed a directly
coupled type high-T, SQUID gradiometer with
differential pick-up coil, which was composed of
two rectangular coils with size of 3.5 mmx1 mm.
The baseline length of the gradiometer was 3.5
mm. The field gradient sensitivity of the gradi-
ometer was about 1.3 nT/m/Hz'/? at 100 Hz. The
details of the system and the SQUID gradiometer
were stated in elsewhere [13].

Electromagnet  High-7, SQUID gradiometer

vy
A’ B’

-
10 mm

Fig. 2. System set up and the coordinates of the NDE mea-
surements on the CFCs specimens. The line BB’ corresponds to
the centerline of the specimens, where the slots exist along this
line.

The magnetic field generator composed of a
pair of U-shaped ferrite cores with permeability of
2300 y, and 400-turn coils was employed to induce
eddy current in the CFCs [11]. Distribution of the
magnetic field generated by one U-shaped elec-
tromagnet resembles to that by a double-D coil
[14]. Two electromagnets were fixed in parallel at
both sides of the SQUID to keep symmetry of the
generated field as shown in Fig. 2. The field gen-
erator generates ac magnetic field of 0.5 mT at a
point 10 mm straight away from the core end with
current of 100 mA. The frequency dependence of
the generated field is roughly flat in the frequency
range between 4 and 400 Hz. Alignments of two
electromagnets are carefully adjusted by using the
position-adjustment jig, in order to minimize the
magnetic flux coupled to the SQUID from
the electromagnets, before NDE measurements.

4. NDE measurements

The system set up and coordinates of NDE
measurements on the specimens is schematically
illustrated in Fig. 2. In all measurements, the fol-
lowing parameters are common; the distance
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Table 1
The parameters used in NDE measurements

Specimen Current supplied to EMs Used SQUID Measured component

CFRPs 200 mA at 310 Hz Gradiometer dB,/dx

Multi-layer C/Cs 5 mA at 310 Hz Gradiometer dB,/dx

(CIC)/Al 5 mA at 310 Hz Magnetometer B.

Al/(C/IC) 5 mA at 50 Hz, and 150 Hz Magnetometer B,
between the high-7, SQUID gradiometer and the

: , 300 — -
surface of the specimen: 7 mm, the distance be- : TRITIREa e .
tween core ends and the surface of the specimen: 3 250 % Flawless specimen
mm, sampling space interval: 2 mm and measured _ '5'-%; i oo
component by the SQUID gradiometer: dB./dx. pFZ 200 B AR
The SQUID was cooled at 75 K, and the cooling £ 150
temperature was kept with thermal fluctuation of 2 - i
10.05 K during the measurements. 1D scanning g 100 ,’,D,=1omm; D;:lz‘&nm:%;::
and 2D scanning were properly carried out above 5 g y U
the specimens. With some accidents, when the g : "D{-”’r’m_m’ Df'l.sm,m
high-T, SQUID gradiometer could not be oper- 0 fik m Dy=Smm, Dy=17.5mm
ated, we properly employed a high-7, SQUID ERRIS. Zeges degaesdon s
magnetometer with field sensitivity of about 800 '500 50 1$ — 350 2?0 250 300
pu®o/Hz!'/? at 100 Hz, instead of the gradiometer. } v-axis [mm] |
The parameters used in the NDE measurements
are summarized in Table 1.
(a)

5. Results and discussions 1000 = s e

Results of the NDE measurements on one-layer 3 —5\1\ PR
CFRP plates obtained from 1D-scanning on the = e ne-ayer s
line AA’ in Fig. 2 are shown in Fig. 3(a). In the g 100 =
figure, the waveforms of the amplitude of magnetic 2
field gradient are shown, together with the cross- £
section of the specimens on the line BB’ in Fig. 2. % Mult

. R ulti-layer C/Cs

In all waveforms, each slot caused a pair of signal 2 <~ —
peaks above both sides of the slot. These pair g e S—
peaks were confirmed to be the parts of quadratic ® System noise level
signal peak due to the slot from 2D scanning 1
around the slot. The deepest slot at 15 mm depth 0 5 10 15 2
was also successfully detected. The signal peak (b) Siot depth D [mm]

amplitude decreases exponentially with the in-
crease in the slot depth as shown in Fig. 3(b).
According to the relation between the peak
amplitude and the slot depth and the system noise
shown in Fig. 3(b), more deep-lying slot located at
about 30 mm should be detectable, where con-
ventional NDE techniques should fail.

Fig. 3. Measurement results on one-layer CFRP plates. (a)
Waveforms of magnetic field gradient. The cross-section of the
specimen is illustrated below the waveforms. Pair of signal
peaks appears above both sides of the slot. Waveform obtained
from flawless same-size CFRP plate is drawn together for ref-
erence. (b) The relation between signal peak amplitude due to
the slot and the slot depth. Results of both one-layer CFRPs
and multi-layer C/Cs are drawn together.
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The results on multi-layer C/C specimen ob-
tained from 1D-scanning on the line AA’ in Fig. 2
are shown in Fig. 4. Same kind of the waveform as
the results on one-layer CFRPs, in which signal
peaks appeared above both sides of the slot, were
obtained. Up to the deepest slot with D = 15 mm,
all slots were detected. The relation between the
signal peak amplitude and the slot depth is shown
also in Fig. 3(b) with that of one-layer CFRPs.
The exponential factor of the decrease in the peak
amplitude of multi-layer C/Cs was approximately
same as that of the one-layer CFRPs. It suggests
that the ability of SQUID-NDE is independent on
whether the specimen is stacked-type or not. The
difference in the peak amplitude between multi-
layer C/Cs and one-layer CFRPs are due to the
difference in the current supplied into the field
generator, 5 and 200 mA, respectively.

The measurement result of the slot in the multi-
layer (C/C)/Al specimen is shown in Fig. 5(a),
obtained by 1D-scanning on the line BB’ in Fig. 2.
Since we used a high-T, SQUID magnetometer in
this case, the peaks of the signal due to the slot
were measured on the line BB/, not on AA’. Be-
cause the electric conductivity of Al is much higher
than that of C/Cs, the signal amplitude due to this
slot is much stronger than that due to the same
depth slot in multi-layer C/Cs. On the other hand,
detection of the slot in multi-layer Al/(C/C) spec-

30 * slot of D=0mm
o slot of D=5mm

T 26 & slot of D=10mm|
= .", x slot of D=15mm
(= LA 2
El 22 o Y
E 3
g ¥
3 a
8 14 1&

10 %

6 1 1 1 1

0 50 100 150 200 250 300
¢ y-axis [mm]

Fig. 4. Waveforms of magnetic field gradient obtained from C/
C multi-layered specimens. The cross-section of the specimen is
also illustrated below the waveforms.

imen was another story. Because of the upper Al
plate with 10 mm thickness, lower frequency than
76 Hz (skin depth &4 = 10 mm in Al) should be
used to have the excitation field penetrate into the
lower C/C plate. Then we applied excitation field
at 50 Hz (64 = 12 mm) to the specimen. In this
case, however, the signal peak due to the slot was
superposed by large magnetic field due to the edge
effect of Al plate. Therefore, we extracted the sig-
nal peak by means of applying the excitation filed
at 150 Hz (64, = 6.8 mm) to the specimen in turn,
then subtracting the measured data by 150 Hz
from that by 50 Hz. The subtracted waveform of
the magnetic flux obtained by 1D scanning on the
line BB' in Fig. 2 is drawn in Fig. 5(b). A pair of
small signal peaks due to the slot in second-layer
C/Cs was detected, while the edge effects remained
still above both edges. The remaining of the edge
effect is due to the difference between d,; at 50 and
at 150 Hz. Problem of the edge effect must be
solved for practical use.

From these results, it is clarified that SQUID-
NDE have large advantage in defect detections on
thick and/or multi-layer CFCs structures, includ-
ing metal layers, compared to conventional NDE
techniques. Furthermore, multi-frequency detec-
tion method used in this study should have a po-
tential of the NDE on more “real”, complicated
CFCs structures, such as engine turbines, multi-
layer wings, and surface-coated structures in
aerospace applications [1-3].

6. Summary

We demonstrated the detection of deep-lying
defects in the CFCs, including thick CFRPs, multi-
layer C/Cs, and multi-layer (C/C)—Al structures.
By using the SQUID-NDE system utilizing a PTC
and electromagnets with U-shaped ferrite cores,
the slots at least 15 mm depth in both CFRP and
C/C multi-layer specimens were successfully de-
tected. From these results, the slot at 30 mm depth
should be detectable by means of coil current of
200 mA. Defect detection in multi-layer (C/C)—Al
specimen was also examined while using two
excitation frequencies, 50 and 150 Hz. The slot at
10 mm depth in second-layer C/Cs was detected by
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Fig. 5. Results of multi-layer (C/C)—Al specimens. (a) Waveform of magnetic flux obtained from (C/C)/Al specimen. (b) Waveform of
magnetic flux obtained from Al on C/C specimen. The waveform was obtained by subtracting the data by using excitation frequency

150 Hz from that by 50 Hz.

subtracting the data obtained by 150 Hz from that
by 50 Hz. These results suggest that defect detec-
tion in thick and complicated multi-layer struc-
tures using CFCs will be possible by using
SQUID-NDE techniques.
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