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Abstract

This thesis presents an eddy current method for detection and size estimation of fiber
waviness in carbon fiber reinforced plastics (CFRPS).

First, analytical solutions for eddy current distribution in CFRP were derived to
investigate the effect of anisotropic electrical properties of CFRP on the eddy current
distribution. It was assumed that infinitely long line drive current was placed above a
CFRP plate. Maxwell’s equations of vector potential were solved taking the orthotropic
electrical conductivity into consideration. When the tested CFRP is a unidirectional
laminate, the differential equations can be solved if the line drive current is directed in
the fiber direction or transverse direction. The derived analytical solutions indicate that
the eddy current distribution in the unidirectional CFRP is dependent only on the
electrical conductivity in the drive current direction, and is independent of electrical
conductivities in other directions. Moreover, the direction of the eddy current
corresponds to the direction of the line drive current. The method to solve differential
equations could be used to derive analytical solutions to the eddy current distribution in
cross-ply laminates. It was found that in the case of cross-ply laminates, the eddy
current can be concentrated only in carbon fiber layers which have a direction
corresponding to the drive current direction. This finding implies that the inspected fiber
direction can be selected by changing the azimuth of the line drive current.

Second, an eddy current probe specialized for waviness detection was newly
proposed. The proposed probe is composed of rectangular driver and pickup coils
perpendicular to each other. The probe has high sensitivity to the presence of in-plane
waviness and can select layers to be inspected of cross-ply laminates. The selectability
of inspected layers was validated thorough analytical solutions for the eddy current
distribution and finite element method analyses. The probe was used to detect
artificially induced in-plane waviness in cross-ply CFRP laminates and a laminate
including +45 deg. layers. It was observed that the output signal of the probe had an
extreme value at the vertex of the waviness, which implies the possibility of precise
identification of waviness location. Detectability of subsurface waviness was
investigated using a 20-layer cross-ply laminate and 24-layer laminate including £45
deg. layers that had in-plane waviness at different depths. Experimental results showed
that the in-plane waviness 18 layers from the surface of the cross-ply laminate could be
detected. It was shown in the experiments for the laminate including +45 deg. layers
that signal changes at waviness zones were observed only when the probe azimuth
corresponded to the fiber direction with the waviness. This result indicates that fiber



direction with waviness can be identified even in the case of laminates including +45
deg. layers. The minimum angle of the detected waviness was 6.9 deg. In-plane
waviness was simulated in finite element method analyses, and the distribution of the
electromagnetic field was calculated. The effectiveness of the probe and the physical
background of the obtained signals were verified by investigating the magnetic field
around the waviness zone. The detectability of the proposed probe was compared with
that of a half-transmission probe which is conventionally used for textural analysis of
woven CFRPs. Experimental results showed that no signal change of the
half-transmission probe could be observed when the same specimens were tested. This
result confirms that the proposed probe has more excellent detectability of waviness.

Third, an eddy current method to visualize fiber waviness in multidirectional CFRPs
was proposed. Since eddy currents induced by a driver coil flow along carbon fibers,
waviness can be visualized if the eddy current path is visualized. In this method, the
eddy current path is identified by the measurement of the magnetic field distribution. A
new complex plane analysis method to visualize eddy current path from the magnetic
field was proposed. Because the measured magnetic field includes the magnetic field
from the drive current and eddy current, the excitation field from the drive current is
eliminated by the complex plane analysis. The validity of the method was verified by
finite element method analyses. It was shown that the surface waviness could be more
accurately estimated at a higher drive frequency, while a lower frequency was better for
the subsurface waviness. Experiments of the proposed method were performed for
multidirectional CFRP specimens. A rectangular driver coil was placed above a
waviness zone and the eddy current path was estimated from the magnetic field
measured by scanning the CFRP surface with a pickup coil. Eddy current path was
visualized from the deformation of the magnetic field, and the shape of the deformation
corresponded to the shape of the induced waviness. The sizes of the wavy eddy current
path were compared with waviness sizes measured by X-ray computed tomography and
from optical images. Experimental results indicate that the amplitude and angle of the
surface waviness can be estimated with errors of approximately -10% and -1 deg.,
respectively. Subsurface waviness sizes are underestimated, and the error becomes
larger as the depth of the waviness increases.
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Chapter 1

Introduction



1.1 Carbon fiber reinforced plastics

Carbon fiber reinforced plastics (CFRPs) are composite materials that consist of
carbon fibers and resin. Fig. 1.1 shows schematic illustrations of CFRP. By combining
carbon fibers and resin, excellent mechanical properties that cannot be provided by each
material alone can be obtained. Carbon fibers have high tensile strength and stiffness.
However, carbon fiber itself is flexible and cannot be used as a structural material.
When carbon fibers are embedded in resin, the composite material can be resistant to
compression and bending. By combining carbon fibers and resin, CFRP can be a light
material with high strength. Hence, the notable advantages of CFRP are its high specific
strength and specific stiffness. Because CFRP is reinforced by carbon fibers, it has
anisotropic material properties. Unidirectional CFRP shown in Fig. 1.1(a) has high
tensile strength in the fiber direction and lower tensile strength in the transverse
direction. To increase strength in multiple directions, unidirectional plies are stacked
such that they are directed in different directions as shown in Fig. 1.1(b).

Owing to the excellent mechanical properties of CFRP, the application of CFRP has
great potential in reducing the weight of a structure. CFRP has been increasingly used as

a structural material in the aerospace and automobile industries. In the aviation industry,

Carbon fiber

Resin

(a) (b)
Fig. 1.1 Schematic illustrations of CFRP: (a) unidirectional CFRP, (b) multidirectional
CFRP.



the improvement of fuel efficiency and cruising distance is an important task. In the
early stage of application to aircraft, CFRP was used only for secondary structures such
as an outer panel of a tail wing. In recent years, CFRP has been used also for primary
structures such as main wings and the fuselage. Currently, more than 50% of the weight
of a Boeing 787 is accounted for by CFRP. The high specific strength and specific
stiffness of CFRP are useful also for space application. In addition to these mechanical
properties, CFRP can have a low coefficient of thermal expansion (CTE). A low CTE is
important in guaranteeing dimensional stability under the large temperature variations
that space equipment experience. Similar to the case of aerospace components, CFRP
has been increasingly adopted for automotive frames and outer panels to reduce weight
and environmental load. Initially, CFRP was used only for prestige cars such as the
Mercedes-Benz SLR McLaren and Toyota Lexus LFA. Recently, the application of
CFRP to passenger vehicles such as the BMWi3 has increased. Compared with the case
for the aerospace industry, there is greater potential for growth in CFRP applications in
the automobile industries. To realize more applications of CFRP, there is a need to
develop fast and low-cost manufacturing methods.

There are several molding methods of molding CFRPs. Fig. 1.2 shows representative
methods of molding continuous CFRP. Autoclave molding (Fig. 1.2(a)) is one
representative method of molding CFRP in the aerospace industry. Carbon fibers that
are pre-impregnated with resin are used as the base material. This form of material is
called the prepreg. Generally, the prepreg is a sheet of carbon fibers impregnated with
an uncured thermoset resin, such as epoxy or polyester. In recent years, thermoplastic
prepregs in which carbon fibers are impregnated with thermoplastic resin have also

become commercially available. In autoclave molding, prepregs are laminated on a



metal mold and wrapped in a vacuum bag. Laminated prepregs are then subject to
pressure exerted by inert gas and heated in an autoclave. In the case of thermoset
prepregs, thermoset resin is cured at a controlled temperature in the autoclave.
Thermoplastic prepregs are consolidated at a temperature close to their melting points.
Autoclave molding is a reliable molding method for producing high-quality CFRP parts
with good reproducibility. Because autoclave molding can eliminate air bubbles, CFRP
with excellent mechanical properties can be obtained. Resin transfer molding (RTM)
(Fig. 1.2(b)) is a method of injecting resin to the preform of carbon fibers. Carbon fibers
are placed between male and female dies, and liquid resin is pumped into the mold with

curing agent. The resin is cured at room temperature and atmospheric pressure. The

Resin

Autoclave I:E
Inert gas Curing agent
Prepregs Vacuum
\ / Preform
Mold N\ /
(a) (b)
Mandrel
Resin bath e Creel

(c)
Fig. 1.2 Methods of molding CFRP: (a) autoclave molding, (b) resin transfer molding
(RTM), (c) filament winding (FW).



method in which resin is injected by vacuum suction pressure is called vacuum-assisted
RTM (VaRTM). RTM is a reliable and reproducible molding method. In addition, RTM
is suitable for molding large CFRP parts with dimensional stability. Filament winding
(FW) (Fig. 1.2(c)) is a method of molding cylindrical products, such as pressure vessels.
In the FW process, a carbon fiber roving impregnated with resin is continuously wound
on a mandrel with tension. After forming a cylindrical shape with the carbon fiber
roving, resin is cured in a furnace. Because FW can produce CFRP with high volume

fraction of carbon fibers, a product with high strength can be obtained.



1.2 Formation of fiber waviness

In the manufacturing process, defects can form in CFRP parts. Fiber waviness is one
of the manufacturing defects of CFRP that affect structural integrity. Fiber waviness is a
deformation of carbon fibers that are supposed to be straight in CFRP. Fig. 1.3 shows an
example image of fiber waviness.

Formation mechanisms of waviness are divided into two groups: mechanisms of
process-induced waviness and those of material-design-induced waviness.

The mechanisms of process-induced waviness relate to waviness produced by
thermal residual stresses originating from process parameters [1.1]-[1.2]. Kuglar and
Moon investigated process parameters that affect waviness development [1.3]. They
counted the number of waviness and measured sizes of the waviness in T300 carbon
fiber/Polysulfone unidirectional laminates processed in an autoclave. They investigated
the effects of eight parameters: the hold temperature, hold time, pressure, part length,
width, thickness, cooling rate and tool plate material. They found that only three
parameters affect waviness development: the part length, cooling rate and tool plate
material. Kuglar and Moon showed that the CTE of the tool plate is the most important

among these process parameters. This is because mismatch in the CTE between the

Fig. 1.3 Photograph of in-plane waviness induced in a thin laminated composite plate
[1.3].



composite material and tool plate imposes a compressive load on the composite material.
Generally, the CTE of a metal tool plate is much higher than that of a carbon fiber
composite, resulting in compressive stress on the composite during cooling. Because an
aluminum plate has a relatively high CTE, it has been reported that the use of an
aluminum tool plate results in larger number of waviness compared with the use of
copper and steel plates. A higher cooling rate also leads to compressive stress on the
laminate surface because a higher cooling rate does not allow time for stress to be
relaxed and produces a through-thickness temperature gradient. Waviness development
in the FW process was also investigated by Kuglar and Moon [1.4], who found that
mandrel material with a higher CTE produces a larger CTE mismatch-based driving
force of out-of-plane waviness development. In addition, they showed that sufficient
tow tension is required in the winding process to minimize waviness development.
Kiuchi et al. developed a model of fiber waviness development in thermoset CFRP
assuming perfect bonding between the composite material and tool plates [1.5].
According to their model, waviness formation is affected not only by CTE mismatch but
also by an initial deflection of carbon fibers in the prepreg. Because it is difficult to
exclude the initial fiber deflection in the prepreg, their modeling implies that waviness
development is almost inevitable.

The mechanisms of material-design-induced waviness relate to waviness produced by
the component shape or laminate stacking sequence that cannot be eliminated by
improving process parameters. Potter et al. presented several layup examples that are
inevitably accompanied by waviness [1.6]. When fiber tows are draped on a curved
shape, such as a hemispheric structure, there is an inevitable path difference between

tow edges as shown in Fig. 1.4. This must result in fiber waviness for the excess length



to collapse. Moreover, when an L-shaped part is fabricated on the corner of the
L-shaped tool, significant waviness forms at the corner. This is because when the
autoclave pressure is applied to the L-shaped part during molding, the material is forced
into the tool carrying excess material into the radius as shown in Fig. 1.5. As described
above, an excess length of fiber reinforcement can be a source of waviness development.
Lightfoot et al. investigated mechanisms of the development of in-plane fiber
misalignments produced in U-shaped graphite/epoxy parts shown in Fig. 1.6 [1.7]. They

showed that large in-plane fiber misalignments are produced near the corner of the
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Fig. 1.4 Path differences between the edges of tows on the surface of a hemisphere
[1.6].

Wb vP
Tool Bag Tool Bag
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a b

Fig. 1.5 Typical out-of-plane fiber waviness in corner regions of autoclave-molded
thermoset prepreg parts [1.6].



U-shaped composite. This is explained by bridging that occurs in the production of
curved composites. For example, when a 90° layer and 0° layer are stacked on the inside
corner of the mold, the 0° layer cannot be formed into the corner of the tool material
because of its high stiffness, which results in bridging of the laminate. When pressure is
applied in the autoclave molding process, a shear force is applied to the 90° layer,
resulting in the formation of huge out-of-plane waviness. Moreover, it was shown that
huge in-plane waviness with a misalignment angle up to 50° is also induced because of
the accommodation of excess length at the corner. Lightfoot et al. also identified

combinations of fiber orientation that easily produce in-plane waviness [1.8].

Detail A: web/flange

——————————————————————————

_________________________

.‘_____________

uon2AUIP 3l 0
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—— 90° or +45° ply | Shear force 12
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Fig. 1.6 Free-body diagram of half of a simple composite U-section cured on a
metallic tool (with symmetry about the x axis) [1.7].



1.3 Effects of waviness on mechanical properties

It is well known that shear failure and fiber microbuckling are representative
compression failure mechanisms [1.9]-[1.13]. Fiber waviness greatly reduces the
compressive strength of CFRP. Unidirectional CFRP has the highest compressive
strength when the compressive load is applied in the 0° fiber direction. However, the
compressive strength is reduced when fibers are misaligned from the compressive load
axis. Lo and Chim [1.14] and Yokozeki et al. [1.15] performed off-axis compression
tests and measured the compressive strength of unidirectional CFRPs. According to
their results, an in-plane misalignment of 15° can lead to more than 50% loss of
compressive strength, as shown in Fig. 1.7. In addition, Yokozeki et al. showed that
stiffness is greatly reduced by in-plane fiber misalignment. Thus, fiber misalignment
caused by waviness leads to significant reduction in compressive strength. Mrse and

Piggott measured the compressive strength of composites with artificially induced
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Fig. 1.7 Effect of fiber orientation on the compressive strength of carbon fiber

composite [1.14].
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in-plane fiber waviness [1.16]-[1.17]. They tested unidirectional samples with a fiber
misalignment angle deviation ranging from 1° to 6° and obtained a corresponding
compressive strength from 1.9 to 1.5 GPa. In the experiments of Adams and Bell, the
most severe waviness in a multi-directional laminate reduced the compressive strength
by as much as 35% [1.18]. Moreover, the percentage reduction in compressive strength
in the 0° direction was equal to the percentage of 0° layers containing waviness. Chan
and Wang [1.19] numerically calculated the stiffness reduction of multidirectional
laminates caused by waviness. Chan and Wang calculated the stiffness in the 0° fiber
direction of [0/£45/90]s CFRP laminates while varying the ratio of the in-plane
waviness amplitude and half wavelength. They found that the stiffness in the 0° fiber
direction is strongly affected by the amplitude-to-half wavelength ratio of waviness in
the 0° layer, while the size of waviness in other layers has a small effect on the 0°
directional stiffness loss. Altmann et al. [1.20] calculated the compressive strength of a
unidirectional laminate while varying the amplitude-to-wavelength ratio of out-of-plane
waviness. Their calculation confirmed that even a slight change in the
amplitude-to-wavelength ratio affects compressive strength. Jumahat et al. [1.12]
investigated fracture mechanisms of unidirectional CFRP subject to a compressive load.
They established a combined model of fiber micro-buckling and plastic kinking to
predict the compressive strength. In this model, the shape of initial fiber waviness is
assumed to be a sine function. They showed that when the initial misalignment angle of
waviness is changed from 1 to 5°, the compressive strength changes from 1191 to 461
MPa. They also found that when waviness has the same misalignment angle, waviness
with a longer wavelength provides a greater reduction in compressive strength.

According to researches described above, fiber waviness causes significant reduction in

_11_



the compressive strength and stiffness of CFRPs. Waviness affects compressive
properties in the fiber direction with the waviness. Moreover, size of waviness strongly
affects the loss of compressive strength and stiffness.

The effect on tensile behavior has been investigated in several studies. Chun et al.
numerically obtained the tensile strength of a unidirectional graphite/epoxy plate with
localized out-of-plane waviness [1.21]. When the amplitude-to-wavelength ratio of the
waviness was varied from 0.011 to 0.034, the calculated tensile strength reduced by
approximately 5%. El-Hajjar and Petersen performed tensile tests on multidirectional
carbon/epoxy laminates with large out-of-plane waviness [1.22]. They used out-of-plane
waviness with heights ranging from 0.9 to 1.55 mm, which was accompanied by
thickness reduction. They showed that delamination growth occurs in the vicinity of the
waviness and that reduction in tensile strength increases as waviness height increases.
Khattab et al. developed a method of manufacturing CFRP with out-of-plane waviness
that does not reduce the thickness [1.23]. They performed tensile tests for unidirectional
CFRP specimens fabricated by their method and found that failure starts with
delamination around the waviness area.

Waviness also degrades fatigue behavior. Adams and Hyer carried out compression
fatigue tests on CFRP specimens with out-of-plane waviness [1.24]. Waviness with an
amplitude-to-wavelength ratio from 0.05 to 0.06 exhibited loss of fatigue life, and the
stress level corresponding to a 10° cycle run-out for the specimen was reduced to

approximately 45 % of the static compression strength of the defect-free laminate.
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1.4 Conventional nondestructive testing techniques for waviness

Because fiber waviness causes significant reduction in compressive strength and
stiffness of CFRPs, a method to detect waviness is of particular importance. In earlier
studies, the detection and measurement of waviness relied on optical measurements of
the sample cross-section [1.25]-[1.27]. In recent years, several nondestructive testing
(NDT) methods for waviness have been studied. Fiber waviness is divided into two
types: in-plane waviness and out-of-plane waviness. Depending on the type of waviness,
different types of NDT technique have been studied because of difference in physical
background each NDT method uses.

One promising nondestructive technique for waviness is X-ray computed tomography
(CT). Because X-ray CT can have excellent detectability of fiber orientation with high
spatial resolution, attempts have been made to use X-ray CT in industry. Sutcliffe et al.
developed a micro-CT X-ray imaging methodology for measurement of fiber orientation
in CFRP, and successfully detected in-plane and out-of-plane fiber misalignments with
standard deviations of 1.21° and 0.75° respectively [1.28]. However, it remains difficult
to clearly distinguish the fiber and matrix in X-ray CT images because carbon fiber and
resin have similar radiodensities [1.29]. Hence, image processing still plays an
important role in X-ray CT imaging. Furthermore, X-ray CT can be limited by the
geometry of tested components, and the inspection of large structures is, therefore, often
difficult.

Ultrasonic testing is an NDT technique that is used in practice for damage detection
of composite materials in the aerospace field. There have been attempts to conduct
ultrasonic testing for detecting fiber waviness in CFRPs. Yang et al. developed a

pitch-catch ultrasonic technique to assess the fiber orientation of CFRPs [1.30]. Smith et
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al. succeeded in mapping the huge in-plane fiber misalignment by choosing a small
group of waveforms and short time window [1.31]. In addition, Smith successfully
quantified the out-of-plane ply angle using a focused probe. Zardan et al. studied
deviations of an ultrasonic beam induced by an oblique interface of out-of-plane
waviness, and experimentally detected the perturbed acoustic field [1.32]. Pain and
Drinkwater applied the total focusing method (TFM) to an ultrasonic array technique
[1.33]. They found experimentally that out-of-plane waviness could be visualized
clearly in a TFM phase image. Although these methods can be used for detection of
waviness, tested materials must be immersed in water so that ultrasonic waves
propagate through the material under test. This makes it difficult to inspect a large
structure. In addition, some components are not allowed to absorb water in the
aerospace field.

Thermal nondestructive techniques have been developed in recent years to detect
waviness. Elhajjar et al. investigated the application of thermoelastic stress analysis to
the detection of out-of-plane waviness in carbon fiber composites [1.34]. They
measured the surface temperature of a specimen with out-of-plane waviness under
cyclic loading, and showed that the location of waviness was visible in the obtained
thermal image. Although this approach can be used to identify the location of fiber
waviness, it is difficult to inspect the inside of the tested material. Moreover, this
approach is limited by component geometries because of the use of cyclic loading.

The above mentioned NDT techniques for waviness have restrictions even though the
detectability of waviness has been experimentally verified. More importantly, an NDT
technique for small in-plane waviness has not yet been established although

out-of-plane waviness can be detected and visualized by ultrasonic testing using the
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difference in the time of flight caused by an oblique ply interface. Only X-ray CT has
the potential to detect small in-plane waviness. However, it is difficult for X-ray CT to
inspect large structures used in practice in the aerospace industry. During the
manufacturing process, the out-of-plane motion of fibers is restricted in the case of a
thin laminate. Because CFRP is often used as thin plates, NDT for in-plane waviness is
more important. Since it is difficult to detect in-plane waviness, manufacturers of CFRP
parts often rely on strength tests. However, huge cost is required for a strength test.
Therefore, there is great demand for an NDT technique for in-plane waviness that is free

from the difficulty encountered by the conventional technique.
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1.5 Eddy current testing for CFRPs

Eddy current testing (ET) is a nondestructive method used for electrically conductive
materials. ET has been conventionally used to detect cracks in metal structures [1.35]—
[1.38]. Fig. 1.8 shows the physical principle of ET. Eddy currents are induced in the
material under test by a driver coil according to the law of electromagnetic induction.
The magnetic field generated by the eddy currents is measured by a pickup coil. A
change in the eddy current path caused by a local defect can be detected by a change in
the pickup coil voltage and the defect location can be identified. The pickup coil can be
replaced by any magnetic sensor, such as the giant magnetoresistive sensor and
superconducting quantum interference device magnetometer [1.39]-[1.43]. Generally,
the amplitude of eddy current exponentially attenuates in the thickness direction of the
material [1.44]. This is referred to as the skin effect, and the penetration depth of the
eddy current has been defined as the depth at which the amplitude of the eddy current
becomes 1/e of the surface eddy current. Because of the skin effect, ET has been used
mainly for detection of defects on a material surface. ET has the advantages that
materials can be tested without contact and that it allows fast single-sided scanning. ET
thus has the potential to overcome the difficulty encountered in X-ray CT imaging.

ET can be used for carbon fiber composites because carbon fibers are electrically

Driver coil Pickup coil

@ﬁ Voltage: V =8 V+AV

Defect
I I c

hange in eddy
Tested material Eddy current current path

Fig. 1.8 Basic principle of defect detection in eddy current testing.
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conductive. Since the unidirectional ply of a carbon fiber layer has strong anisotropy in
electrical conductivity [1.44]-[1.45], eddy current distributions in CFRP become more
complicated than those in metal. Some studies successfully applied ET to the detection
of damage in CFRP, such as fiber breakages and delamination [1.46]-[1.50].

The in-plane carbon fiber orientation can be identified by using the strong anisotropy
of conductivity. The rotation of a pair of driver and pickup coils, which are sometimes
called a half-transmission probe, is often used to characterize in-plane fiber orientations.
Lange and Mook [1.51], Mook et al. [1.52] and Yin et al. [1.53]-[1.54] measured the
output voltage of the pickup coil during the rotation of a pair of driver and pickup coils
on CFRP plates. Fig. 1.9 shows the rotating eddy current probe and examples of the
obtained polar diagrams. They found that the output signal has a local maximum in the
polar diagram when the probe azimuth corresponds to fiber directions. Moreover, Mook
et al. showed that the angular resolution of this method can be improved by increasing
the distance between driver and pickup coils and by using coils with smaller diameters

[1.52]. Cheng et al. verified the improvement of angular resolution by carrying out

-

Fig. 1.9 Eddy current method used to identify the fiber orientation of CFRP [1.52]: (a)
rotating eddy current probe, where T and R denote the transmitter (driver coil) and
receiver (pickup coil), (b) polar diagram obtained for a unidirectional CFRP, (c) polar
diagram obtained for a multidirectional CFRP ([90,/+45,/0,/—45,]).
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finite element analyses of the eddy current distribution [1.55]. They attributed the
resolution improvement to the stretch of the eddy current distribution caused by strong
anisotropy of the unidirectional ply of the CFRP. Because the method using probe
rotation requires a larger distance between the driver coil and pickup coil for higher
angular resolution, it is difficult to make the spatial resolution and angular resolution
compatible. Thus, probe rotation is not a suitable technique for detecting small in-plane
waviness. Heuer et al. [1.56]-[1.59] and Schmidt et al. [1.60] scanned with a
half-transmission probe at high frequency up to 100 MHz to enhance the sensitivity and
spatial resolution of the probe. Their works showed the excellent spatial resolution of
the half-transmission probe and that the fiber orientation is visible in the obtained eddy
current image. Heuer et al. investigated the effectiveness of high-frequency eddy current
imaging for textural analysis of a CFRP fabric and successfully visualized in-plane
waviness. Because carbon fiber fabric has a periodic structure of the fiber roving, the
obtained distribution of the probe signal has a stripe pattern as shown in Fig. 1.10. Bardl
et al. applied the two-dimensional Fourier transform to a high-frequency eddy current
image and successfully mapped local yarn orientations of a draped one-layer biaxial
carbon fiber fabric [1.61]. However, the use of a higher drive frequency leads to a
smaller penetration depth of eddy currents because of the skin effect, and the inspection
of a deeper region of the tested material becomes more difficult. An eddy current
technique that can be used at a lower drive frequency is required to detect waviness in a
deeper region. Moreover, textural analysis based on the two-dimensional Fourier
transform can be applied only to woven CFRP because it uses periodic pattern of the
carbon fiber roving. There thus remains a demand for an eddy current method to detect

in-plane waviness in CFRP composed of non-woven unidirectional plies.
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Detection of out-of-plane waviness is easier than detection of in-plane waviness for
ET. Out-of-plane waviness is accompanied by a variation of the fiber volume fraction in
the thickness direction of the CFRP. ET can be sensitive to a local change in electrical
conductivity caused by variation in the fiber volume content. The detection of
out-of-plane waviness in thin laminate was reported by Heuer et al. (Fig. 1.10) [1.59].
Mizukami et al. showed that out-of-plane waviness in a thick unidirectional laminate
can be detected using an orthogonal eddy current probe [1.62]. They successfully
detected out-of-plane waviness with the maximum amplitude of 3.5 mm approximately
25 mm away from the surface. There is thus demand for an eddy current technique for

detection of in-plane waviness.

Fig. 1.10 High-frequency eddy current images of CFRP plates with in-plane and
out-of-plane waves. (Size 150 mm x150 mm x 5 mm): a) indication of the wave
position, b) raw data image [1.59].
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1.6 Objectives of the present study
The objective of the present study is to develop an eddy current-based NDT method

for in-plane waviness. The requirements for ET of in-plane waviness are as follows.

1) Investigation of the effect of the anisotropy of CFRP on eddy current distribution
The effectiveness of ET for CFRPs has been experimentally verified by several
studies. However, the effect of anisotropic electrical conductivity on eddy current
distribution has not been analytically investigated. A derivation of analytical solutions
for eddy current in CFRP is needed to clarify the effect of anisotropy and to develop an

ET method specialized for waviness detection.

2) Eddy current sensor sensitive to in-plane waviness at low frequency

Because fiber waviness is a small deformation of fibers, it is difficult for conventional
ET to detect in-plane waviness. Although the sensitivity and spatial resolution of the
eddy current sensor improve at higher frequency, the penetration depth of the eddy
current decreases. The detectability of in-plane waviness should be enhanced by the
sensor configuration and not by increasing the frequency to achieve a greater
penetration depth. An eddy current sensor configuration specific to in-plane waviness

detection is required to inspect a thicker laminate.

3) Identification of the fiber direction with in-plane waviness
In-plane waviness causes degradation of the compressive strength and stiffness in the
fiber direction with the waviness. Hence, the identification of the fiber direction with

waviness is important in the inspection of multidirectional CFRPs. Layups of 0° and 90°
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layers, and layups of 0°, 90°, +45° and —45° layers are often used for CFRP laminates.
It is necessary to develop an ET method that can inspect these multidirectional

laminates.

4) Visualization of in-plane waviness for size estimation

Reduction of the compressive strength and stiffness resulting from waviness depends
on the size of the waviness. Visualization of waviness for size estimation is important in
evaluating degradation of mechanical properties. Conventionally, estimation of the
defect size in ET has relied on inverse analyses. In the case of metals, the perturbation
of the electromagnetic field caused by a crack can be analytically derived using the
dyadic Green function [1.63]-[1.67]. Finite element method (FEM) analyses are also
conducted to solve the forward problem by modeling a crack [1.68]. However, in the
case of CFREP, it is difficult to analytically obtain the perturbation of the electromagnetic
field caused by in-plane waviness. Moreover, it is more difficult to have agreement
between experimental data and numerical calculation result for CFRPs than it is for
metals. This is because of variations in electrical conductivity in CFRP as a result of
material inhomogeneity. It is thus difficult to estimate the size of in-plane waviness by
comparing experimental data and calculations. There is a need for a development of an

eddy current technique that can visualize in-plane waviness without inverse analysis.

_21_



1.7 Thesis outline
This thesis presents an eddy current method for the detection and size estimation of

in-plane waviness in CFRP. Fig. 1.11 is a flow chart for the thesis.

Chapter 1 Introduction

The background of this study is presented. Formation mechanisms of waviness and
the effects of waviness on mechanical properties of CFRP are reviewed. Studies on
conventional NDT methods for waviness and the restrictions of these methods are
described. It is shown that ET has the potential to overcome the difficulty encountered
by conventional methods. The purpose of the present study is the development of an ET

method to detect and visualize waviness.

Chapter 2 Derivation of analytical solutions to the eddy current problem of CFRP
The eddy current distribution in CFRP induced by a line current is derived. The effect
of anisotropic conductivity on the eddy current distribution is investigated. The physical

background of the derived analytical solution is discussed.

Chapter 3 Layer-selectable eddy current technique for detection of in-plane waviness
An eddy current method sensitive to in-plane waviness is newly proposed. Using the
analytical solutions for the eddy current distribution, a method to select the inspected
fiber layer is developed. The validity of the proposed method is investigated in FEM
analyses. Experiments are performed for multidirectional CFRP specimens with

artificially induced in-plane waviness.
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Chapter 4 Eddy current imaging technique for visualization of in-plane fiber waviness
A method to visualize the eddy current path is newly proposed to visualize in-plane
waviness. The accuracy of estimation of the waviness shape and size is investigated in
FEM analyses. Magnetic field measurements to visualize eddy current path are
performed for CFRP specimens with waviness. The shape and size of the visualized

eddy current path are compared with those measured from X-ray CT and optical images.

Chapter 5 Conclusions and future works
Findings obtained in this thesis are summarized. An inspection scenario for in-plane
waviness in CFRP is proposed according to the results obtained in the present study.

Future works required for further improvement of waviness inspection are mentioned.

Chapter 1
Background and objectives of study ]

Chapter 2

Investigation of effect of anisotropic conductivity of CFRP on eddy
current distribution

Chapter 3
Development of eddy current probe specialized for detection of J

waviness and identification of wavy fiber orientation

Chapter 4

Development of technique to visualize eddy current path from
magnetic field distribution for estimation of waviness size

Chapter 5
Conclusions and future works ]

Fig. 1.11 Flow chart of the thesis
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Chapter 2

Derivation of analytical solutions to the eddy

current problem of CFRP
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2.1 Background

Because carbon fiber is electrically conductive, eddy currents are induced in CFRP
when the CFRP is exposed to an alternating magnetic field generated by a drive current.
Because CFRP has anisotropic electrical conductivity, the distribution of the eddy
current in CFRP is more complicated than that in metal. Although distributions of eddy
current in CFRP have been investigated in FEM analyses, the contribution of
anisotropic conductivity to the eddy current distribution has not been expressed in the
form of analytical solutions.

Analytical solutions to drive current-eddy current problem were first derived by Dodd
and Deeds [2.1]. Dodd and Deeds derived analytical solutions for the electromagnetic
field when a circular drive current is placed above an isotropic conductive slab. Luquire
et al. derived analytical solutions for eddy current in multilayered plates [2.2]. These
studies can be used only for isotropic conductive plate or layered isotropic plates.
Analytical solutions for eddy current in CFRP have not been derived because
difficulties arise when treating the anisotropy of electrical conductivity.

Because the unidirectional ply in CFRP has strong anisotropy of electrical
conductivity in longitudinal, transverse and thickness directions [2.3], a line drive
current has the potential to effectively induce eddy currents with higher intensity than
those induced by a circular drive current [2.4]. Todoroki obtained general expressions of
the skin depth of eddy current in CFRP assuming that both the electric field and
magnetic field have only one directional component [2.5]. This approximate calculation
can be used to estimate the skin depth of the eddy current induced by a line current.
Although the approximation of Todoroki can be used to easily calculate the skin depth

of eddy current in CFRP even in cases of cross-ply laminates, it cannot be used to
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calculate the amplitude and phase of the eddy current.

In this chapter, analytical solutions for the electromagnetic field are derived assuming
that a line drive current is placed above a CFRP plate. The physical background of the
derived analytical solutions is discussed to clarify the contribution of anisotropic
electrical conductivity to the eddy current distribution. The penetration depth of eddy
current calculated from the derived analytical solution is compared with the general

expression for the skin depth, and the difference between them is discussed.
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2.2 Derivation of analytical solutions for the electromagnetic field
2.2.1 Governing equations for the electromagnetic field
Analytical solutions for the electromagnetic field in the drive current-eddy current

problem are derived by solving Maxwell’s equations. Maxwell’s equations are written

as follows.
V.-B=0 (2.1)
VxE :—@ (2.2)
ot
VxH=J +@ (2.3)
ot

Here, B, H, D and E are the magnetic flux density, magnetic field, electric flux density
and electric field. p and J are the electric charge and current density. We now assume
that the magnetic flux density is expressed as a rotation of vector A as in Eq. (2.5).
B=VxA (2.5)
Vector A is referred to as the magnetic vector potential. Because div(rotX) is zero for
any vector X, magnetic flux density B in Eq. (2.5) automatically satisfies Eq. (2.1). By
substituting Eq. (2.5) into Eq. (2.2), we obtain Eqg. (2.6).

v{a%j:o (2.6)
ot

Because rot(gradX) becomes zero for arbitrary scalar X, the term in the brackets in Eq.

(2.6) can be expressed as Eq. (2.7).

E+A__vy (2.7)
at

¢ is referred to as the electric scalar potential. Using Egs. (2.5) and (2.7), Egs. (2.3) and

(2.4) can be rewritten as follows.
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0? 0
(A — Moo ?JA_V(V A+ 18, gj = —4tpd
(2.8)

A¢+V.8A:_£ (29)
ot &

Here, 1o and & are the magnetic permeability in a vacuum and permittivity in a vacuum.

The following relationships are used in the derivation of Egs. (2.8) and (2.9).

B = 4 H (2.10)

D=¢E (2.11)
The magnetic permeability of CFRP is isotropic and equal to uo. When the drive
frequency is less than 10 MHz, permittivity is also isotropic and its value is equal to that
in a vacuum [2.6].

We now apply Coulomb gauge transformations to rewrite the governing equations in

a simpler form. Coulomb gauge transformations are written as follows.

A= A+Vy (212)

¢'= ¢_8_;( (2.13)
ot

When A and ¢ are solutions to Egs. (2.8) and (2.9), A" and ¢' are also solutions.

Because this is true for arbitrary y, a convenient y can be selected to simplify Egs. (2.8)

and (2.9). The Coulomb gauge assumes the following relationship to eliminate V-A

in Egs. (2.8) and (2.9).

Ay=-V-A (2.14)

Using the Coulomb gauge, the governing equations are rewritten as follows.

0° 0
(A ~ Hy&o ?]A_ ,uogova¢ =—HoJ
(2.15)
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rp=-L (2.16)

The purpose of the present study is to solve Egs. (2.15) and (2.16) considering

anisotropy in electrical conductivity.

2.2.2 Analytical solutions for eddy current in isotropic materials

First, we derive analytical solutions for the spatial distribution of vector potential A
assuming that a line drive current with infinite length is placed above an isotropic
conductive material. In this case, the electromagnetic field can be calculated when the
spatial distribution of vector potential A is given, and the eddy current distribution can
be obtained. This is because there is no electric charge and thus no electric field
originating from electric charge. Analytical solution to the eddy current distribution in
an isotropic material is later extended to the case of CFRP.

Fig. 2.1 shows the analytical model used for derivation of the analytical solutions for
the vector potential. In Fig. 2.1, a delta-function line drive current is placed above an
isotropic conductive plate with lift-off | at y = y,. The thickness of the conductive plate

is ¢ and the conductivity of the plate is . The line drive current is directed in the x

| Delta-function

i line current
1 !
- - —2 ————————— Y T T T T T T T T T - 7=
| z=0
3 I o
i 7=—C
4 | 7
| y=y L
. 0 <y— X

Fig. 2.1 Analytical model of a delta-function line current above a conductive plate.
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direction in Fig. 2.1, and is a sinusoidal electric current with amplitude I and frequency f.
We divide the analytical model in Fig. 2.1 into four regions 1-4. Region 3 is the
isotropic conductive material in which eddy current is induced. It is assumed that all
regions are infinite in the x-y plane.
Region 1: Semi-infinite space above the line drive current (air)
Region 2: Space between the drive current and conductive material (air)
Region3: Isotropic conductive material with thickness ¢ and conductivity o
Region4: Semi-infinite space below the conductive material (air)
According to Eq. (2.15), the differential equation of vector potential A is given by Eq.

(2.17).

o( OA OA .
VZA+ 18, a(_a_v¢)z_ﬂoo_(_a_v¢j_ﬂolo (2.17)

Here, ig is the drive current density vector and w is the angular drive frequency (v =
2zf). The first term on the right side of Eq. (2.17) is derived from the following

relationship between the electrical conductivity and electric field.
J=0E :0(—%—V¢j (2.18)

When the drive frequency is below approximately 10MHz, the displacement current

becomes negligible [2.1] and we get Eq. (2.19).

V2A=—y00(—%—v¢j—yoio (2.19)
Because a sinusoidal excitation field is assumed in this case, Eq. (2.19) can be written in
the complex form shown in Eq. (2.20).

VEA=—u0(- joA-Vi)- 1, (2.20)
Here, j is an imaginary unit. The drive current density vector i is written as Eq. (2.21).
i, =(15(y—y,)8(z-1), 0, 0) (2.21)
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Because the drive current has only an x directional component, the vector potential also
has only an x component, Ay. y and z components of the vector potential are zero. Hence,
we get Eq. (2.22).

2 2 2
O’A, DA DA
o oyt ar

(2.22)

. 0
- joueon, ~ iy 92+ 15y - yo)(z ~1) =0
Differentiation with respect to x can be eliminated because of the model’s infinite length

in the x direction.

0? 0° .

B C B joopoh, + 5y -~ ¥)(2 1) =0 229)
oy oz

Eqg. (2.23) is the well-known Helmholtz equation with two variables, and it can be

solved by the separation of variables. We define a general solution for A, in region k (k

=1, 2,3, 4) as A¥(y,z). A¥(y,z) is expressed as follows.

A®(y,2) = I: (Ae™ + B )eos a(y - y,)da (2.24)
where

B a (k=1,2,4) (2.25)
ay _{(0(2 + ja),UOG)UZ (k :3)

In Eq. (2.24), we have eight unknowns: A, Az, As, A4, B1, By, Bz and B,4. However, when
we consider finite A¥(y,z) at z — +oo, we get A; = B4 = 0. In determining the six
remaining unknowns, we use boundary conditions of continuity and Ampere’s law to

obtain the six following equations.

AR (y, 1) = AP (y,I) (2.26)

62:) |z=. _ ag;” |z=. 15— y) (2.27)

AP (y,0)= A®(y,0) (2.28)

oA?| oA (2.29)
oz ‘Z:O oz | _,

AP(y,—c)= A¥(y, ) (2.30)
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a/;@) _ ag“’ (2.31)
Z Z

Z=—C

By substituting Eq. (2.24) into Eq. (2.26), we obtain Eq. (2.32).

Z=-C

J.: Be ™ cosa(y-y,)da = I:(Aze“' +Be™ )cos a(y—y,)da (2.32)

Because both sides of Eq. (2.32) are expressed in integral form, it is difficult to solve
the unknowns. We multiply both sides of Eq. (2.32) by cosa’(y—Yo)d(y—Yo) and integrate
them from zero to oo. Subsequently, we introduce the Fourier integral theorem in Eqg.

(2.33) to simplify the integral equation.

2 o o0
flor)== [ f(ef [ cosaty - yo)cosa'(y - yo)d(y - ) Jdr (2.33)
By applying Eg. (2.33) to Eg. (2.32), we get Eq. (2.34).
Be ™ =Ae” +Be™ (2.34)
Similarly, integral equations of boundary conditions Egs. (2.27)—(2.31) can be

simplified as follows.

B = Ace” —B,0e _u7o' (2.35)
A +B,=A+B, (2.36)
Ao —-B,a = Ao, —Ba, (2.37)
Ae “° +Be™ = Ae ™™ (2.38)
Ajoe ™ — Bya,e™ = Ajoe™™ (2.39)

We now have the six unknowns A;, As, A4, B1, B, and Bz and the six equations Egs.

(2.34)—(2.39). The six unknowns can be obtained by solving the six equations.

o
_ml (g rak 2.41
A= 7 (g +af—(a,—afe™ (24D

a =l — (2.42)
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1

5 _ ! {ea. +((a2—a32)(1—e‘2“3°)9"" } (2.43)

2 a,+a) —(a,—a)e ™™

g, fol (e - ngxl— ez“a‘:z)E‘“' (2.44)
2 (o +a) — (o, — )’ 72

B. = Hol (o3 —a)e e (2.45)

7 (g +a)f —(a,—afe™

By substituting Eqgs. (2.40)-(2.45) into Eq. (2.24), solutions to the vector potential in

region 1, 2, 3 and 4 are given as follows.

| =1 (052 —a 2X1_e—2aac kfm )

A(l) 2) = /ui - eal + 3 oz oS _ d (246)

o) 2z IO 0‘{ (o, +a) —(a,—a)e™™ a(y=Yo)da

| ro1 (a2 —a ZXl_e—Zagc) ) )

A(2) , — 'ui =+ Jaz 3 w ol B q (247)

o 2n L @ {e ' (a;+a) —(a;—a) e y cosa(y—Y,)da

| (a +a)ea31 -I—(a —ak_Z‘ZSCe‘aal )

A(3) 1) = /ui 3 3 a 05 _ d (248)

(y ) a J.O { (a3 +a)2 _(ag _a)zefhzac a(y yO) @

(a—ag)c

A(4) (y, Z) — 'LIL 2a3€‘ale

Ioo
e” ~Yo)d (2.49)
v b vl (e, —apem A Y

Now we assume that the drive current has a rectangular cross-section. Fig. 2.2 shows
the analytical model of a line current with a rectangular cross-section above a

conductive plate. The rectangular cross-section is a rectangular domain in the y-z plane

Line current with a

Y=Y Y=o rectangular cross-section
1 )
Fry T | _fh ________ L. Z2=2
I RRREEEEE e REE LTS --7=11
! z=0
3 | v
z=—C
4 !
Y=Yo=(Y11Y,)/2 12
y X

Fig. 2.2 Analytical model of a rectangular cross-section line current above a conductive
plate.
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bordered by y =y, y =y, z=lpand z = I, (y1 < Yy, l1 <l,) as shown in Fig. 2.2. We
denote the vector potential induced by the drive current with the rectangular
cross-section in each regionas A% (y,z) (k=1,2,3,4). A¥(y,z) can be calculated

using the following equation.
®(y z) = IVZJ‘ A®dIdy, (2.50)

In Eq. (2.50), the current density of drive current ig is substituted into | in Egs. (2.46)—
(2.49) assuming that the applied current density in the rectangular cross-section is
constant over the rectangular domain. The vector potentials in regions 1, 2, 3 and 4 in

Fig. 2.2 are calculated as follows using Eq. (2.50).

1{(ea|2 _eh)— (0! —ay X]_ p 20 )(e’“'z B all)}e

(@ +af ~(a - a e

1 ol
AQ(y,2) =222 [0

Oas

(2.51)
x{sina(y -y,)-sina(y-y,)jda
(2) —@ wi oz (a2 _a32X1_e_2a30) —az -, _ n—adh
A0 =52k {e “aral —(a—ayeres [T
. . 2.52
<inaly-y,)-sina(y-y)lda &>
Ar (y Z)_/uoiOJ‘ 1 {(a3+a)ea32 ( 3_a)972a30e70(32 }(ealz _efzzll)
7 0a’ | (a+af-(a,—-a)fe™™ (2.53)
x{sina(y-y,)-sina(y-y,)jda
@ ,Ll() o w 1 20{ e(a a3)C (e al, —e all) Daz
A (y,2)= o az (0( +a) (053 a)z —2ac
(2.54)

x{sina(y —y,) —sina(y - y,)}da
To calculate the vector potential between the top and bottom of the line current (region
1-2 in Fig. 2.2), we need a special treatment. The vector potential in region 1-2

A%S2 (y, 7) is calculated from the sum of Ar(elc)|. ~and ,A‘r<jc)|I . By substituting I, =

zinEq. (2.51) and I; =z in Eq. (2.52), we obtain Eq. (2.55).
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(1-2)

2y, 7) = AL

@
=z + AfeC
-

L=z

_ ,Uoio J'w__l{(z B e—a(lz—z) B e—a(z—ll)) B (az _ asle_ efzagc Xefa(ulz) _ ea(z+|1))}
2z P o (s +a)f —(a, —a)e ™™ (2.55)

x{sina(y-vy,)-sina(y-y,)lda
Eddy current density vector J in the conductive plate of region 3 can be calculated
using Eq. (2.56).
2 (y,2)
J =oE =-jwoA = —jwo] 0
0 (2.56)

Since there is no electric charge, the electric field generated by the potential gradient is

not included in Eqg. (2.56).

2.2.3 Analytical solutions for eddy current in unidirectional CFRPs

The analytical solution for eddy current in an isotropic material is extended to the
case of CFRP. We assume that region 3 in the analytical model of Fig. 2.1 is
unidirectional CFRP. We define the x direction in the model as the 0° direction. When
we assume that the fiber orientation of CFRP is @ around the z axis, electrical

conductivity is expressed as the matrix in Eq. (2.57) [2.7].

0, C0S% 0 + 0y, Sin? O @sin 260 0
o= %sin 20 0,sin’@+0,,c08°0 0 (2.57)
0 0 o,

Here, o is the electrical conductivity matrix and oo, o9 and oy are the CFRP
conductivities in the fiber direction, transverse direction and thickness direction,
respectively. The differential equation of the vector potential that takes the anisotropy of

conductivity into consideration can be written as follows.
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V2A=_ﬂ0;(_ ja)A_v¢)_ﬂoio (2.58)

Because Eq. (2.58) is generally a simultaneous differential equation, it is difficult to
derive the analytical solutions for the vector potential. We now assume that the drive
current is directed in the x direction and the angle 8 = 0° or 90°. Drive current flows in
the fiber direction or the transverse direction as displayed in Fig. 2.3 when 6 = 0° or 90°.
By substituting ¢ = 0° or 90° into Eq. (2.57), (1,2) and (2,1) components in conductivity
matrix o become zero. Thus, the linkage between the x directional component and y
directional component of the vector potential can be eliminated. In this case, the y
directional component and z directional component of the vector potential become zero
like the vector potential for an isotropic material. When the drive current is directed in
the fiber direction (g = 0°), the differential equation of the x directional component of

the vector potential A, is written as Eq. (2.59).

A A
ayZ aZZ

Similarly, when the drive current is directed in the transverse direction (g = 90°), the

(2.59)

— Jou,oo A+ 116(y = ¥o)8(z-1) =0

differential equation is expressed as Eg. (2.60).

Carbon fiber Drive current Carbon fiber Drive current
) N
|
X A X A
v | y |
z z
CFRP CFRP
(@) (b)

Fig. 2.3 Schematic illustrations of the relationship between the direction of the drive
current and that of carbon fibers: (a) drive current in the fiber direction (6 = 0°), (b)
drive current in the transverse direction (6 = 90°).
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A TA

ay2 + 822
Here, Yo is the y location of the delta-function drive current. Egs. (2.59) and (2.60) are

— JOuOA, + 11 5(y — Yo)S(z—1) =0 (2.60)

differential equations obtained by substituting ¢ = op Or o = o9 Into Eq. (2.23).
Therefore, when the drive current is directed in the fiber direction or transverse
direction, the eddy current distribution in unidirectional CFRP can be calculated by
substituting the conductivity in the drive current direction into Eq. (2.56). More
importantly, this indicates that the eddy current distribution in CFRP depends only on
conductivity in the drive current direction and is independent of conductivity in other
directions. In the case of woven CFRP that has macroscopically in-plane isotropy of
conductivity, the (1,2) and (2,1) components in the conductivity matrix of Eg. (2.57) can
be eliminated by substituting in-plane conductivity oy, into oo and o9, Thus, the eddy
current distribution in woven CFRP can also be calculated by substituting oxy into 0 in

Eq. (2.56).

2.2.4 Analytical solutions for eddy current in cross-ply CFRPs

Analytical solutions for the eddy current distribution in a cross-ply laminate that is
composed of 0° and 90° layers can be derived employing the method described above.
Fig. 2.4 shows an analytical model of a delta-function line current placed above a
three-layer cross-ply laminate. It is assumed that the fiber orientations of the three layers
03, 64 and 65 (regions 3, 4 and 5 in Fig. 2.4) are 0° or 90°. The differential equation of

vector potential in region k (k = 3, 4, 5) is written as Eq. (2.61).

0, C0S% 0, +Tg,in° 6, %sin 26, 0
ViA=—p, 22"%6in20, 0,820, + 040520, O |- joA-Ve)- i,
2 (2.61)
0 0 o,
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When 6 = 0° or 90°, y and z directional components of the vector potential are zero and
the vector potential has only the x directional component. x directional component of
vector potential A; depends only on conductivity in the drive current direction.
Considering the infinite length of the model in the x direction, the differential equation

of A, can be obtained.
A TA
ayZ 822

Here, oy is region k’s electrical conductivity in the drive current direction (k = 3, 4, 5).

= Jouo A+ 116(y = ¥,)6(z=1) =0 (2.62)

The general solution for A in region k (A®(y,z)) is expressed as Eq. (2.63).

A (y,z) = j: (Ae™ +Be ™ )cosa(y - yo)der (2.63)

where,

o a (k=129) 264)
“T(e®+ jouo, )" (k =3,4,5)

Unknown variables Ay and By can be obtained by considering the boundary conditions

| Delta-function

- |ine current
1 !
T R - 7=
_ | z=0
3 | UD ply, 6,
Z=—C
- | 1
Cross-ply ]| 4 uD ply, 6,
laminate | 7= —C¢,
5 I ubD ply, 6,
L I 7= _C3
6 | 7

Y=Y, &—lx

Fig. 2.4 Analytical model of a delta-function drive current placed above a cross-ply
CFRP laminate.
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of continuity and Ampere’s law in the same way as for unidirectional CFRP. The
solution can be extended to the case of line drive current with a rectangular
cross-section shown in Fig. 2.5.

Eddy current distributions in three-layer cross-ply laminate were calculated
employing the analytical model shown in Fig. 2.5. Table 2.1 gives the input parameters
used to calculate the eddy current distribution. Fig. 2.6 shows the eddy current
distribution in a cross-ply laminate with a stacking sequence of [0/90/0]. Fig. 2.6
presents the distribution of the amplitude of the x directional eddy current distribution.
It is seen that eddy currents are concentrated in 0° layers, while the amplitude of eddy
current in the 90° layer is low. This is because electrical conductivity in transverse
direction of unidirectional ply is much smaller than that in longitudinal direction. When
plies in CFRP have a fiber orientation of 0° or 90°, the vector potential in each ply has
only one directional component corresponding to the drive current direction. This

indicates that the electric field is also directed in the drive current direction. Because

Line current with a
rectangular cross-section

-------- - z=I2
-y - z=l1
r i z=0
3 i UD ply, 6,
Cross-ply | | =G
laminate | |4 : D@, = —¢,
5 | UD ply, 65 .
- 7= —C,
: | |
Y=Yo=(V1+Y,)/2 y

Fig. 2.5 Analytical model of a drive current with a rectangular cross-section placed
above a cross-ply CFRP laminate.
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eddy current vector is calculated as a product of the electrical conductivity and electric
field, layers that have low conductivity in the drive current direction have a small
amplitude of eddy current. This explains why eddy current in the 90° layer is small in
Fig. 2.6. Fig. 2.7 shows the eddy current distribution in a cross-ply laminate with a
stacking sequence of [90/0/90]. Because of the physical background described above,
eddy currents are concentrated only in the 0° layer. This result shows that the amplitude
of eddy current in multilayered CFRP does not always have the maximum value at the
surface. The results in Figs. 2.6 and 2.7 reveal that layers in which eddy currents are

induced can be selected by changing the in-plane azimuth of the line drive current.

Table 2.1 Input parameters used to calculate the eddy current distribution in
three-layer cross-ply laminate

Variables Value

Width of the drive current: w [mm] 5
Height of the drive current: h [mm] 2
Lift-off: 13 [mm] 1

Depth of bottom surface of 1% layer: ¢; [mm] 1
Depth of bottom surface of 2" layer: ¢, [mm] 3
Depth of bottom surface of 3 layer: c; [mm] 4

Drive current amplitude: | [A] 1
Drive frequency: f [Hz] 1000000
Fiber direction conductivity: oo [S/m] 34120 [2.3]
Transverse direction conductivity: og [S/m] 24 [2.3]
Magnetic permeability: 1o [H/m] 1.26x10°°
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Drive current

4 mm

\ 16 mm
[ I
0 02 04 06 08 1
I max Jinax=50130 [A/m?]

Fig. 2.6 Distribution of eddy current in the x direction when a line drive current is
placed above cross-ply CFRP with the stacking sequence of [0/90/0].

Drive current

z

<—Lx(0°)

y (90° )

4 mm

\ 16 mm \
L L
0 02 04 06 08 1
I ax Jrax=36439 [A/Im?]

Fig. 2.7 Distribution of eddy current in the x direction when a line drive current is
placed above cross-ply CFRP with the stacking sequence of [90/0/90].
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2.3 Skin depth calculated from an analytical solution and general expression
2.3.1 General expression of skin depth

Eddy current in a conductive material has maximum amplitude at the surface and
attenuates in the thickness direction because of the skin effect. The depth at which the
amplitude of the eddy current attenuates to 1/e (~37%) of the maximum value is
referred to as the skin depth of the eddy current. The skin depth is approximately
calculated by solving Maxwell’s equations assuming that the electric field and magnetic
field have only one directional component in a semi-infinite plate. The skin depth ¢

calculated on the basis of this assumption is expressed as Eq. (2.65).

s =1/ [ffuc (2.65)

Here, f is the drive frequency and x and o are the magnetic permeability and electrical
conductivity of the material, respectively. In this approximation, the amplitude of eddy

current density |J| at depth z is expressed by Eq. (2.66).
3|/ x| = X0 (=21 5) (2.66)

Here, [Jmax| 1S the maximum eddy current density at the surface of the material. Eq.
(2.65) is the well-known general expression of skin depth and widely used to estimate
the skin depth of eddy current. It was proved by Todoroki that when the direction of the
electric field is the fiber direction or the transverse direction of unidirectional CFRP,
conductivity in the electric field direction can be substituted into ¢ in Eq. (2.65) [2.5].
However, when eddy currents are induced by a line current, the assumption that the
electric field and magnetic field have only one directional component may not be
realistic. There may thus be a large difference between the skin depth calculated from

the general expression in Eqg. (2.65) and that calculated from the analytical solution in
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the previous chapter. We compare the skin depths calculated from both calculation

methods and investigate the difference between them.

2.3.2 Effect of drive current width on skin depth

We investigate the change in skin depth of eddy current in a woven CFRP with the
width w of the drive current (see Fig. 2.2). The skin depth calculated from the analytical
solution is compared with that calculated from the general expression. Table 2.2 gives
the input parameters for calculating the eddy current distribution from the analytical
solution. The eddy current distribution is calculated for cases of w = 2, 10, 20 mm. Fig.
2.8 shows the eddy current density along the z direction at y =y, in Fig. 2.2 calculated
from the analytical solution and that calculated from Eq. (2.66). In Fig. 2.8, the
horizontal axis denotes the depth from the surface of CFRP and the vertical axis denotes
the eddy current density divided by its maximum value. Table 2.3 gives the skin depth
in cases of w = 2, 10, 20 mm and the skin depth calculated from the general expression.
It is seen that the skin depth increases as the width w of the drive current increases and
the eddy current distributes in a deeper region. In addition, the skin depth approaches

that calculated from the general expression as w increases. That is because an increase

Table 2.2 Input parameters used in the analysis of the effect of width w

Variables Value
Width of the drive current: w [mm] 2,10, 20
Height of the drive current: h [mm)] 2
Lift-off: I; [mm] 2
Thickness of the CFRP: ¢ [mm] 20
Drive current amplitude: | [A] 1
Drive frequency: f [Hz] 1000000
In-plane conductivity of CFRP: gy, [S/m] 7700 [2.8]
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in w makes magnetic field being directed in almost one direction around y =y, and this

Is similar to the assumption used in the derivation of the general expression.

1
o
22 08 —\W=2mm
=
> —w=10mm
2 06 —w=20mm
(¢D)
o —General
= 04 }
L
S
O 0.2 F

0 1

0 5 10 15 20

Depth [mm]

Fig. 2.8 Change in eddy current density at y = yo with width w of the drive current.

Table 2.3 Changes in skin depth with width w of the drive
current and skin depth calculated from the general expression

Calculation condition Skin depth [mm]
W =2mm 4.2
w =10mm 4.7
w =20mm 5.3
General expression 5.7

2.3.3 Effect of drive current lift-off on skin depth

Changes in skin depth as a result of variation in the lift-off 1, of the line current are
investigated and compared with the skin depth calculated from the general expression.
Table 2.4 shows input parameters for calculating the eddy current distribution from the
analytical solution. The eddy current distribution is calculated for cases of I; = 0.2, 2,
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3.8 mm. Fig. 2.9 shows the eddy current distribution in the z direction at x = X
calculated from the analytical solution and the general expression. In Fig. 2.9, the
horizontal axis denotes the depth from the surface of the CFRP and the vertical axis
denotes the eddy current density divided by its maximum value. Table 2.5 gives skin
depth calculated from the analytical solution for I, = 0.2, 2, 3.8 mm and that calculated
from the general expression. It is seen that the skin depth increases as lift-off increases.

In particular, when |; = 0.2 mm, the skin depth calculated from the general expression is

Table 2.4 Input parameters used for the analysis of the effect of lift-off I;

Variables Value
Width of the drive current: w [mm] 2
Height of the drive current: h [mm] 2
Lift-off: I, [mm] 0.2,2,38
Thickness of the CFRP: ¢ [mm] 20
Drive current amplitude: | [A] 1
Drive frequency: f [Hz] 1000000
In-plane conductivity of CFRP: gy, [S/m] 7700 [2.8]
1
S
= 08 —11=0.2mm
2 —I1=2mm
e 06| —11=3.8mm
= —General
S 04
5
O o2t
O 1 1
0 5 10 15 20

Depth [mm]

Fig. 2.9 Change in eddy current density at y = yo with lift-off |; of the drive current.
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about 160% of the actual skin depth. This result indicates that the general expression
overestimates the skin depth of the eddy current when the drive current is placed in the
vicinity of the CFRP.

Table 2.5 Changes in skin depth with lift-off I, of the drive
current and skin depth calculated from the general expression

Calculation condition Skin depth [mm]
I, =0.2mm 3.6
l1 =2mm 4.2
I, =3.8mm 4.6
General expression 5.7
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2.4 Conclusions of Chapter 2

In this chapter, we derived analytical solutions for the vector potential in the case that
eddy current is induced in CFRP by a line drive current. It was shown that when the line
drive current is directed in the fiber direction or transverse direction of unidirectional
CFRP, the spatial distribution of the vector potential depends only on the CFRP’s
conductivity in the drive current direction. Thus, the eddy current distribution is also
determined only by conductivity in the drive current direction and is independent of
conductivity in other directions. This trend also applies to cross-ply CFRP laminates.
Eddy currents are concentrated in layers with a fiber orientation corresponding to the
drive current direction. This indicates that layers in which eddy currents are induced can
be selected by changing the in-plane azimuth of the line drive current.

The skin depth of eddy current calculated from the derived analytical solution was
compared with that calculated from the well-known general expression of the skin depth.
Because the general expression is based on the assumption that both the electric field
and magnetic field have only one directional component, large error may arise when the
general expression is used to estimate the skin depth. We calculated the skin depth from
the analytical solution varying the width and the lift-off of the line current and
compared with the skin depth calculated from the general expression. It was found that
the general expression overestimates the skin depth. The smaller the width and the
lift-off of the line current are, the larger the error arising from the general expression
becomes. Although the skin depth depends only on the drive frequency and material
properties according to the general expression, analytical results indicate that the skin
depth strongly depends also on the dimensions and location of the drive current. These

findings are important especially to eddy current testing. To achieve higher spatial
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resolution in eddy current testing, it is better to limit eddy currents to a narrow region,
which indicates that drive current with smaller width is desirable. Moreover, to obtain a
higher signal-to-noise ratio in eddy current testing, it is necessary to induce more eddy
current in the tested material. Hence, it is better to use a drive current with smaller
lift-off. Therefore, the skin depth calculated from the general expression can have large

error in eddy current testing.
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Chapter 3

Layer-selectable eddy current technique for

detection of in-plane waviness
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3.1 Background

This chapter presents a new eddy current method to detect in-plane waviness. Since
in-plane waviness is a small deformation of carbon fibers, it is conventionally difficult
to obtain the distinct change in the output signal of an eddy current probe. There is thus
the need to develop an eddy current method that has high sensitivity to in-plane
waviness. In an effort to achieve high sensitivity to in-plane waviness, high-frequency
eddy current methods have been studied [3.1]-[3.2] because a higher drive frequency
offers better spatial resolution and a larger signal change at defective zone. Heuer et al.
successfully detected large in-plane waviness of a fiber roving in woven CFRP using a
half-transmission probe at high frequencies up to 100 MHz [3.1]. Although excellent
sensitivity can be achieved using high-frequency eddy current methods, a problem
arises when inspecting thicker CFRPs. Because of the skin effect, the penetration depth
of eddy current becomes smaller at higher frequency [3.3]. This indicates that
high-frequency eddy current methods have limitation in detection of waviness in a
deeper region. An eddy current probe that is sensitive to in-plane waviness even at
lower drive frequency is thus required. In addition to the probe sensitivity, the
identification of the wavy fiber orientation is important in the detection of in-plane
waviness. It has been reported that fiber waviness causes degradation of mechanical
properties in the fiber direction with the waviness [3.4]. It is therefore necessary to
develop an eddy current method that identifies the fiber orientation with waviness.
Considering the requirements described above, we newly developed an eddy current
method that can detect deep lying in-plane waviness and identify the wavy fiber

orientation.
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3.2 Eddy current method specialized for in-plane waviness detection
3.2.1 Identification of wavy fiber orientation

Fig. 3.1 shows the proposed probe used for in-plane waviness detection. The probe is
composed of a vertical rectangular driver coil and rectangular pickup coil perpendicular
to each other. The pickup coil is placed under the driver coil such that total excitation
magnetic fluxes penetrating the pickup coil loop become zero. Hence, the excitation
magnetic field from the driver coil ideally does not contribute to the output voltage of
the pickup coil.

The eddy current distribution in cross-ply laminates can be controlled by changing
the in-plane azimuth of the probe. When the long sides of the vertical rectangular driver
coil parallel to the CFRP surface are directed in a certain fiber direction, eddy currents
are concentrated in layers with that fiber direction. For example, when the driver coil is
directed in the 0° fiber direction of a cross-ply laminate, eddy currents are concentrated

in 0° layers, and thus only 0° layers can be inspected. This can be explained by

Driver coil

Piokup coll — I

Front view Side view

Fig. 3.1 Configurations of the proposed probe. Rectangular driver and pickup coils
perpendicular to each other are placed such that the total magnetic flux from the driver
coil thorough the pickup coil becomes zero.
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analytical solutions to the drive current-eddy current problem. Fig. 3.2 shows the
analytical model used for the derivation of the analytical solutions. Two opposing line
currents are placed above n-layer CFRP laminate. It is assumed that the drive currents
have infinite length in the x direction of Fig. 3.2. The CFRP plate is assumed to be
infinitely long in the x-y plane. The two drive currents in the rectangular driver coil
parallel to the CFRP surface can be approximately simulated by two infinite line
currents if the sides of the rectangular driver coil parallel to the CFRP surface are
sufficiently long. As described in Chapter 2, the differential equation of the magnetic

vector potential in the laminate in Fig. 3.2 is written as follows.

0, C0S% 0 + Ty siN? O %sin 20 0
V2A=—p,i, + jou, %sin 20 o,8iN*O+0cy,c08°60 0 |A (3.1)
0 0 o,

Here, A is the vector potential, uo is the magnetic permeability in a vacuum, ip is the

drive current density vector, w is the angular drive frequency and j is the imaginary unit.

Line current

VA
s

| 1st layer =0
7= —C,;
I 2nd layer| __
: z=—C,
| = _Cn-l
i nth layer | _
_ z=—C,

Y=Yo
Fig. 3.2 Analytical model of line drive currents above a cross-ply CFRP laminate. Two
line currents infinitely long in the x direction are placed above the n-layer CFRP
laminate. The two line currents flow in opposite directions.
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oo, ogo and oy are the electrical conductivities of the unidirectional ply in longitudinal,
transverse and thickness directions, respectively. 6 denotes the fiber orientation angle of
a layer in the CFRP (where the x axis in Fig. 3.2 is assumed to be the 0° direction).
When 6 = 0° or 90°, (1,2) and (2,1) components in the conductivity matrix of Eq. (3.1)
become zero. Hence, Eq. (3.1) is not a simultaneous differential equation and can be
solved by the separation of variables as mentioned in Chapter 2. Analytical solutions for
x, y and z directional components of the vector potential in the k™ layer of the CFRP are

expressed as follows.

Ax = J‘OOO (Ake(aerjwﬂcz)l’zZ + Bkef(aerJ'wllqz)l’zz) COSa(y _ yo)da (k =12,..., n) (32)
A, =0 (3.3)

A =0 (3.4)
In Eq. (3.2), A« and By are constants determined by boundary conditions. oy is the
conductivity in the drive current direction. Egs. (3.2)—(3.4) show that the vector
potential has only one directional component (i.e., the x directional component in the
case of Fig. 3.2) and is directed in the drive current direction when the laminate is a
cross-ply laminate. Moreover, the vector potential depends only on conductivity in the
drive current direction. Electrical conductivities in directions perpendicular to the drive
current does not affect the vector potential. The eddy current density vector can be

calculated using the vector potential and is expressed as Eqg. (3.5).

6,082 0+ oy, sin?0 o _2090 sin 20 0
J=—jo| 22"%0in20  o,sin’O+0,c05°0 O |A (3.5)
0 0 o

Eqg. (3.5) indicates that eddy currents flow only in the drive current direction. Since
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electrical conductivity in the fiber direction is approximately 1,000 times larger than
that in transverse direction, it is implied that eddy currents are concentrated in layers
with a fiber direction corresponding to the drive current direction.

To verify the nature of eddy current in the cross-ply laminate described above, the
eddy current distribution is calculated in FEM analyses. The FEM analyses are
performed using the general-purpose FEM software ANSYS. An analytical model of the
FEM analysis is shown in Fig. 3.3. A rectangular driver coil is placed above a CFRP
laminate with a lift-off of 4 mm. The dimensions of the CFRP plate are 100 mm x 100
mm x 4 mm, and it is assumed that the stacking sequence is [0,/90,/0,/90,]s. x and y
directions in the model represent 0° and 90° fiber directions, respectively. Electrical
conductivities of the unidirectional ply used in this analysis are given in Table 3.1 [3.5].
The length of the long side of the driver coil parallel to the CFRP surface is denoted d

and the length of the short side perpendicular to the CFRP surface is 5 mm. Long sides

CFRP 2 mm

100 mm

(a) (c)
Fig. 3.3 Analytical model of the vertical rectangular driver coil placed above a CFRP
cross-ply laminate: (a) top view, (b) side view, (c) front view.
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of the rectangular driver coil parallel to the CFRP surface are directed in the 0° direction
of the cross-ply laminate. The driver coil is located at the center of the CFRP plate. The
frequency of the drive current is set to 1 MHz. The CFRP laminate has 32 element
layers in the thickness direction. Fig. 3.4 shows the eddy current vector distribution
under the driver coil calculated in FEM analysis. The location of the driver coil isx =y
= 0. The length of the long side of the driver coil, d, is assumed to be 15 mm in Fig. 3.4.
Distributions of the real part of the eddy current density vector in each element layer are
displayed in Fig. 3.4. The displayed area is a 50 mm x 50 mm area under the driver coil.
The real part denotes the component that is in-phase with the drive current. As shown in
Fig. 3.4, eddy currents are concentrated only in 0° layers immediately under the driver
coil, and are directed in the 0° direction as implied by Eq. (3.5). Eddy currents flowing
in the 90° direction away from x =y = 0 are results of the finite length of line drive
currents. The eddy current distribution in the thickness direction is investigated while
varying the length of long side d. Fig. 3.5 shows the FEM results of the eddy current
density distribution in the thickness direction at x =y = 0 for d = 15, 30, 45 mm and
d—oo. In Fig. 3.5, the horizontal axis denotes the distance from the surface, while the
vertical axis denotes the amplitude of the eddy current density in the 0° direction. The
case of d—o is calculated using the two-dimensional model shown in Fig. 3.2. As seen

in Fig. 3.5, eddy currents are concentrated in 0° layers, while the amplitudes of eddy

Table 3.1 Material properties of unidirectional ply used for FEM analysis [3.5]

Material property Value
Conductivity in fiber direction [S/m] 34120
Conductivity in transverse direction [S/m] 24
Conductivity in thickness direction [S/m] 20
Magnetic permeability [H/m] 1.26x10°®

_63-



y (907 ) y(90° ) y(90° )
» A A

: _________________;._m________ h,‘:””“I’HOOO5N*“
! B SO S Hmww m:[iil HHHH
e A T,
e S S e
: e I e e N 1111
£ | frescrmmmsmmndorceccecacens > x(0° e > x(0° = RN LIE i e > x(0°
3 ' ‘_H>X(O ) X | - L ‘__g>X(O ) 3 liwuuimnu“i:;i]ﬁm’“’"m‘T > x(0")
. : v
! o : o N::IT i n
: 3 : . k ft;{‘l UAbbhdak
= e
- b
o twwiiﬁ% l\“:"‘m ?mmoun
50 mm 50 mm 50 mm
(a) (b)
y(90° ) y(90° )
~ A )
T | |
WH ni ' '
bl ' '
Wit | : —
A g e I =
AR RN Y sy ) E|lomiz s o e 1s v
& | [T BT X0 g R @) g e S M
n § = e e | f— : |
T i :
it AAL :
f[‘:.,m :
ﬁ ettt !
AR {8 IO :
50 mm 50 mm
(d) (f)
y (90" )
~
T i
b |
noth
A h‘:wl
e
Elfrrtitttt mu‘:]ff‘ € ; .
[ IR X0 g R
b
Wt
t":‘rﬂ I
“:mﬂ?
w et
50 mm
[ | I
0 338 776 1164 1552 1940 2328 2716 3104 3492

Re(J)[A/m?]

Fig. 3.4 Eddy current vector distribution in [0,/90,/0,/90,]s laminate calculated using
FEM, where the real part of the eddy current density vector in the 50 mm x 50 mm area
under the driver coil is displayed: (a) first element layer from the surface (0° layer), (b)
fourth element layer (0° layer), (c) fifth element layer (90° layer), (d) eighth element
layer (90° layer), (e) ninth element layer (0° layer), (f) 12™ element layer (0° layer), (g)
13™ element layer (90° layer), (h) 16™ element layer (90° layer).
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currents in the 90° layers are small. As the length of the long sides of the driver coil
increases, the eddy current distribution approaches that of two-dimensional analysis. Fig.
3.5 shows that the eddy current density is not a maximum at the surface in the cases of d
= 15, 30, 45 mm. This is because of the strong anisotropy in electric conductivity of the
CFRP. A case in which the eddy current density was not a maximum at the surface in
the ET of a cross-ply CFRP has been reported [3.6].

If infinitely long line drive currents in Fig. 3.2 are directed in one of the fiber
directions of the cross-ply CFRP, the term of electric potential can be eliminated from
the governing equation of the electromagnetic field, as shown in Eq. (3.1). However,
since the rectangular driver coil has finite length, there is an electric potential gradient.
Fig. 3.6 shows the numerically calculated distributions of the electric potential in the
cross-ply CFRP at different depths. The electric potential distribution was calculated
using the analytical model in Fig. 3.3, which was used to obtain the eddy current
distributions shown in Fig. 3.4. Fig. 3.6 shows that there is an electric potential gradient

in the laminate. This gradient is caused by the accumulation of electric charge

o o
0" layer 90" layer
18000

= ¢ JTx| (d=15mm)
& g
g 15000 [ **e,, = |JTx| (d=30mm)
= 12000 L [JTx| (d=45mm)
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Fig. 3.5 Numerical results of the eddy current density distribution in the thickness
direction under a driver coil.
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originating from the finite length of the drive current. Hoshikawa and Koyama reported

that when a vertical rectangular coil is excited above a conductive plate, electric charge
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Fig. 3.6 Distribution of the real part of the electric potential in a 100 mm x 100 mm area
under the driver coil calculated using FEM: (a) z=0 mm, (b) z=-0.25mm, (¢) z=-0.5
mm, (d) z=-0.75mm, (e) z=-1mm, (f)z=-1.25mm, (g) z=-1.5mm, (h) z=-1.75

mm.
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is carried in the direction of the sides of the rectangular driver coil parallel to the plate
surface [3.7]. This produces an area with increased electric charge and an area with
decreased electric charge under the driver coil. This explains the electric potential
gradient in Fig. 3.6. The potential gradient is not produced in the case of excitation with
an infinitely long line drive current. This is because the infinite length of the line drive
current does not cause localization of electric charge. Because of the generation of the
electric potential gradient, the eddy current distribution depends on electrical
conductivity in the transverse and thickness directions. Fig. 3.7 shows the numerically
calculated relationship between the maximum eddy current density (Jmax) in the
cross-ply laminate and electrical conductivities in transverse and thickness directions. It
is seen that Jnax strongly depends on electrical conductivity in the thickness direction,
while the effect of the variation of electrical conductivity in transverse direction is much
weaker. According to the analytical solution shown in Eqg. (3.2), electrical conductivities

in transverse and thickness directions do not affect the eddy current distribution. This is

e I
7100 A = 6960-7100
6960

6820-6960

6820
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640024 20
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Fig. 3.7 Numerically calculated relationships between the maximum eddy current
density in the cross-ply laminate [0,/90,/0,/90,]s and electrical conductivities in
transverse and thickness directions of unidirectional ply.
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because there is no electric potential gradient in the case of the infinitely long line drive
current. Meanwhile, variation of electrical conductivity in the thickness direction
strongly affects the magnitude of eddy current if the eddy current is induced by a
vertical rectangular driver coil, as shown in Fig. 3.7. Since electrical conductivity in the
thickness direction depends on the contacts of carbon fibers, there is a large variation of
this property in the CFRP laminate [3.8]. It is noted that the variation of electrical
conductivity in the thickness direction may cause the variation of output signal of the
probe during scanning.

As shown by the results of FEM analyses described above, eddy currents in cross-ply
CFRP are directed in the direction of the long sides of the driver coil parallel to the
CFRP surface. Furthermore, the eddy currents are concentrated in the layers with a fiber
direction corresponding to the long sides. Therefore, the inspected fiber direction can be
selected by changing the in-plane azimuth of the probe, and the fiber direction with

waviness can be identified.

3.2.2 Sensitivity to in-plane waviness

In addition to the selectability of the inspected fiber direction, the probe has high
sensitivity to in-plane fiber waviness. The magnetic field from the driver coil does not
contribute to the output voltage of the pickup coil because total excitation magnetic
fluxes penetrating the pickup coil loop upwardly and downwardly are equal to each
other. Fig. 3.8 shows schematic illustrations of the eddy current path in the
non-defective zone and in-plane waviness zone. Eddy currents under the driver coil are
parallel to the long sides of the driver coil in non-defective zones, as shown by the FEM

results in Fig. 3.4. Total magnetic fluxes from eddy currents through the pickup coil
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loop become zero at non-defective zones. Hence, the output voltage of the probe is
ideally zero at non-defective zones. On the other hand, when the probe is close to the
waviness, the output voltage of the pickup coil is generated by changes in the eddy
current path along the waviness. As shown in Fig. 3.8, the eddy current path is deformed
in the waviness zone because eddy current flows along carbon fibers. In this case, the
magnetic field from the eddy current penetrating the pickup coil loop upwardly and that
from the eddy current penetrating the pickup coil loop downwardly are not equal. An
output voltage of the pickup coil is thus produced. This indicates that a large change
ratio in the pickup coil voltage is caused by waviness. The probe shown in Fig. 3.1 thus
has high sensitivity to in-plane waviness. Furthermore, since the output voltage of the

pickup coil is zero at non-defective zones, the probe is insensitive to lift-off variations.

Probe In-plane waviness zone
—A—

Non-defective zone Waviness zone

Fig. 3.8 Schematic illustrations of the eddy current path under the proposed probe.
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3.3 Experiments on waviness detection for cross-ply laminates
3.3.1 Materials
Fig. 3.9 shows cross-ply CFRP specimens with artificial in-plane waviness.

Specimen #1 shown in Fig. 3.9(a) was a three-layer cross-ply laminate with a

= Waviness at 1st layer
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(b)
Fig. 3.9 Cross-ply CFRP specimens with artificially induced in-plane waviness: (a)
three-layer cross-ply laminate [0/90/0] (specimen #1), (b) 20-layer cross-ply laminate
[(0/90)s]s (specimen #2).
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stacking sequence of [0/90/0]. The length and width of the laminate were 250 and 200
mm, respectively. Specimen #1 was fabricated by stacking unidirectional prepregs
(Mitsubishi Rayon Co., Ltd., PYROFIL TR380G250S) and curing them in an electric
furnace. In-plane fiber waviness was artificially induced in the first layer along the
center line (x = 0) of the specimen. Although actual waviness is not always induced
along the part width, the use of a specimen with waviness along the part width is valid
because the eddy current is spatially localized under the driver coil as Fig. 3.4 shows.
The waviness was induced by deforming fibers in the prepreg before stacking. Epoxy
resin on the center line of the first layer prepreg was removed by wiping it with a paper
towel soaked with acetone until carbon fibers could deform. Subsequently, compression
was applied to the resin-removed area to produce in-plane waviness. The prepreg with
in-plane waviness was stacked and cured following the manufacturer’s recommended
cycle. As shown in Fig. 3.9(a), in-plane waviness in which fibers were deformed in the
+y direction was induced. At the center of the first layer of specimen #1, the amplitude
and length of the induced waviness were 1.25 and 19.9 mm, respectively. The
misalignment angle of the waviness was 8.4° as shown in Fig. 3.9(a).

Specimen #2 was a 20-layer cross-ply laminate with a stacking sequence of [(0/90)s]s.
The dimensions of specimen #2 were 300 mm x 300 mm X 4 mm. Specimen #2 was
fabricated by stacking thermoplastic unidirectional prepregs (Toho Tenax Co., Ltd.,
Q111E 2000). Multiple in-plane waviness were artificially induced in 0° layers, which
were the first, third, seventh and ninth layers from the top surface, as shown in Fig.
3.9(b). The waviness were induced by deforming fibers in each prepreg prior to molding.
A heat gun was used to heat part of the prepreg until the thermoplastic resin had

softened. Carbon fibers in that area were then moved in the transverse direction (—y
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direction in Fig. 3.9(b)) to induce in-plane waviness. Prepregs with in-plane waviness
were stacked and a CFRP specimen with in-plane waviness at desired positions was
fabricated. The sizes of the artificial waviness were measured by X-ray CT and from
optical images. Fig. 3.10 shows the method to measure the size of waviness from the
obtained images. The size of waviness was measured using auxiliary lines. Since
in-plane waviness in the first layer was visible, its size was measured from the optical
image shown in Fig. 3.10(a). Sizes of subsurface waviness were measured from an
X-ray CT image, as shown in Fig. 3.10(b). Table 3.2 gives the sizes of waviness in

specimen #2 measured from X-ray CT and an optical image.

(b)
Fig. 3.10 Examples of the auxiliary-line-based measurement of in-plane waviness: (a)
optical image of the first layer waviness in specimen #2, (b) X-ray CT image of the

third layer waviness in specimen #2

_72_



Table 3.2 Sizes of in-plane waviness in specimen #2 measured from X-ray CT and an
optical image (where the size of waviness in the first layer was measured from an

optical image)

Layer (from top surface) Amplitude [mm] Length [mm] Angle [°]
first layer 0.81 14.0 6.9
third layer 2.75 16.0 24.9
seventh layer 1.48 10.6 21.8
ninth layer 1.66 10.8 20.6

3.3.2 Experimental setup

Fig. 3.11 shows the experimental setup of the ET of the cross-ply specimens with

in-plane waviness. The probe shown in Fig. 3.1 was placed above the CFRP specimen.

Function generator

Oscilloscope

NI PXI-5421 Picoscope5000
1
/\/ Amplification
—> circuit
1

CFRP

Driver coil
\

—

Pickup coil

Driver coil (10 turns)

20
6
Pickup coil
(13 turns) 19 2
6
Front view

1
3
o' Unit: mm
Side view

Fig. 3.11 Experimental setup of ET of cross-ply CFRP specimens with in-plane

waviness.
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The driver coil was a 10-turn rectangular coil, and the long sides and short sides were
20 and 6 mm, respectively. The pickup coil was a rectangular coil with 13 turns and
dimensions of 6 mm x 2 mm. The diameters of enameled copper wire used to turn the
driver and pickup coils were 0.3 mm and 0.16 mm, respectively. The pickup coil was
located 3 mm under the driver coil. The drive voltage was supplied by an arbitrary
waveform generator (National Instruments Corporation, NI PXI-5421, 16-bit, 100
MS/s). The output voltage of the pickup coil was amplified by a factor of 100 using an
amplification circuit and then measured using an oscilloscope (Pico Technology Ltd.,
Picoscope 5442 A, 14-bit, 125 MS/s).

For the detection of in-plane waviness in specimen #1, the probe was placed above
specimen #1 such that the long side of the driver coil was directed in the 0° fiber
direction. The lift-off of the probe (i.e., the distance between the specimen surface and
the bottom of the pickup coil) was 3 mm. A sinusoidal voltage with frequency of 3 MHz
was applied to the driver coil. The probe scanned along the 0° fiber direction (x
direction in Fig. 3.9(a)), and the output voltage of the pickup coil was measured at 2.5
mm intervals. This experiment was performed for the two cases shown in Fig. 3.12. In
cases 1 and 2 shown in Figs. 3.12(a) and (b), the relationships between the positive
direction of the drive current and the direction of fiber displacement in waviness are
different. Experiments were carried out for case 1 and 2 to investigate whether the
output voltage of the pickup coil depends on the direction of fiber displacement in
waviness.

Three experiments were performed for specimen #2. First, long sides of the driver
coil were directed in the 0° fiber direction, and the probe scanned the top surface of

specimen #2 along the x axis in Fig. 3.9(b). In this case, in-plane waviness were located
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in the first, third, seventh and ninth layers from the inspected surface. Lift-off of the
probe was nominally 0.5 mm and the probe scanned along the x axis in Fig. 3.9(b) at 2.5
mm intervals. Drive frequencies applied to the driver coil were 1, 3, and 5 MHz. Second,
long sides of the driver coil were directed in the 0° fiber direction, and the probe
scanned the bottom surface of specimen #2. In this case, in-plane waviness were located
in 20", 18™, 14™ and 12" layers from the inspected surface. Drive frequencies used in
this case were 0.25, 0.5 and 1 MHz. Other measurement conditions such as the lift-off
and measurement interval were the same as those in the top-surface measurement. Third,
long sides of the driver coil were directed in the 90° fiber direction (y direction in Fig.
3.9(b)), and the probe scanned the top surface along the x axis. This case was studied to
investigate whether the proposed probe can select layers to be inspected. If the proposed
probe can successfully select layers to be inspected, in-plane waviness in 0° layers are

not detected when the probe is directed in the 90° direction. Frequencies of sinusoidal

Specimen #1  Waviness Drive current
/ £ //\{\
A — -
Yo —
&
(a)
Specimen #1 Waviness Drive current
/
\( \\//JQ
A O—=
e \\//
ya O
L
(b)

Fig. 3.12 Relationship between the positive direction of drive current and the direction
of fiber deformation in waviness: (a) case 1, (b) case 2.

_75-



voltage applied to the driver coil were 0.25, 0.5 and 1 MHz. Other measurement

conditions were the same as those in the first and second measurements.

3.3.3 Results and discussion

Fig. 3.13 shows measurement results for specimen #1. The horizontal axis denotes
the x location of the center of the pickup coil and the vertical axis denotes the amplitude
of the pickup coil voltage divided by the amplitude of the drive voltage. Since it is often
necessary to evaluate the probe output for arbitrary excitation amplitude, the output
signal is normalized by the input signal. The region —10 < x < 10 mm in Figs. 3.13(a)

and (b) represents the in-plane waviness zone. x = 0 is the location of the vertex of the

0.0676
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£
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3
> 0.0652 ' ' - ' '
60 -40 20 0 20 40 60
x location [mm]
(a)
0.0676
2 0.0668
5
>
Z 0066 |
3
= 0.0652 A —

60 -40 20 0 20 40 60
X location [mm]

(b)
Fig. 3.13 Results of ET obtained by the probe scanning specimen #1: (a) results for case
1, (b) results for case 2.
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waviness. Fig. 3.13(a) shows that in case 1 of Fig. 3.12(a), the amplitude of the pickup
coil output has a local maximum at the edges of the waviness zone and has a local
minimum value at the vertex of the waviness. This result implies that the length of the
in-plane waviness zone can be roughly estimated from the distance between two
measurement points where a local maximum output is obtained. Although the output of
the pickup coil becomes zero theoretically at the non-defective zone, it is not the case in
Fig. 3.13. This is because of dimensional misalignment in coil fabrication. In contrast,
Fig. 3.13(b) shows that in case 2 of Fig. 3.12(b), the amplitude of the pickup coil output
becomes a local minimum at the edges of the waviness zone and a local maximum at the
vertex of the waviness. In this measurement, the distance between two measurement
points with a local minimum output represents the length of waviness. The difference
between Figs. 3.13(a) and (b) is caused by the direction of fiber displacement in
waviness, which implies that the direction of fiber displacement can be identified using
the obtained output signals.

Fig. 3.14 shows results of the top-surface measurement of specimen #2 in which long
sides of the driver coil were directed in the 0° fiber direction. The horizontal and
vertical axes denote the x location of the probe and the amplitude of the pickup coil
output divided by the drive voltage amplitude. x = 60, 120, 180 and 240 mm are
nominal locations of the vertex of waviness in the first, third, seventh and ninth layers,
respectively. Figs. 3.14(a), (b) and (c) show the results for frequencies of 1, 3 and 5
MHz, respectively. As shown in Fig. 3.14(a), the output voltage of the pickup coil
becomes a local minimum at all waviness vertexes. Moreover, it is observed that the
output voltage becomes a local maximum at the edges of waviness zones like the results

shown in Fig. 3.13(a). These results confirm that the waviness length can be
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Fig. 3.14 Results obtained from the top-surface measurement. Long sides of the driver
coil are directed in the 0° direction of specimen #2: (a) 1 MHz, (b) 3 MHz, (c) 5 MHz.
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roughly estimated from the measurement data. Low values of output voltage around x =
0 and 300 mm are due to the edge effect. A comparison of the results in Figs. 3.14(a)—
(c) reveals that the change in the pickup coil output at ninth ply waviness zone becomes
smaller as the drive frequency increases. This is because of the well-known skin effect
of eddy current. The penetration depth of eddy currents decreases as frequency
increases. It thus becomes more difficult to inspect a deeper region at higher frequencies.
However, since a higher frequency can offer a higher signal-to-noise ratio of the pickup
coil voltage, there is a trade-off relationship between the signal-to-noise ratio and
penetration depth.

Fig. 3.15 shows the results of the bottom-surface measurement in which the long
sides of the driver coil were directed in the 0° direction. x = 60, 120, 180 and 240 mm
are nominal locations of the vertex of waviness in the 20", 18" 14" and 12" layers,
respectively. Figs. 3.15(a), (b) and (c) show the results for frequencies of 0.25, 0.5 and 1
MHz, respectively. Fig. 3.15(a) shows that the output of the pickup coil becomes a local
maximum in the waviness zones of the 18" 14™ and 12" layers, in contrast to the
top-surface measurement. This is due to the difference in the direction of fiber
displacement in waviness, as shown by the results for specimen #1. The direction of
fiber displacement in waviness becomes the opposite when the specimen is turned over.
Results in Figs. 3.15(a)—(c) show that recognizable signal changes can be produced by
waviness in the 18", 14™ and 12" layers for all frequencies used in the experiment. The
change in the pickup coil output obtained at the location of the 18" layer becomes
slightly clearer at 0.25 MHz than at higher frequencies. This is again because a larger
penetration depth of eddy current is achieved at lower frequency. However, the

waviness in the 20™ layer cannot be detected in this experiment. At a drive frequency
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Fig. 3.15 Results obtained from the bottom-surface measurement, where long sides of
the driver coil are directed in the 0° direction of specimen #2: (a) 0.25 MHz, (b) 0.5
MHz, (c) 1 MHz.
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lower than 100 kHz, no waviness can be detected because of low signal-to-noise ratio.

Fig. 3.16 shows the results of the top-surface measurement in which the long sides of
the driver coil were directed in the 90° direction. x = 60, 120, 180 and 240 mm are
nominal locations of the vertex of waviness in the first, third, seventh and ninth layers,
respectively. Figs. 3.16(a), (b) and (c) show the results for frequencies of 0.25, 0.5 and 1
MHz, respectively. Fig. 3.16(a) reveals that there is no observable change in the pickup
coil output at the locations of the waviness. Almost the same results were obtained at
higher frequencies as shown in Figs. 3.16(b) and (c). This is because eddy currents are
concentrated only in 90° layers when the long sides of the driver coil are directed in the
90° direction, as described in FEM analysis. In this case, amplitudes of eddy current in
0° layers are small, and thus no waviness in 0° layers can be detected. Therefore, the
proposed probe can select layers to be inspected and identify the fiber direction with
in-plane waviness.

To investigate the physical background of the pickup coil output obtained in Figs.
3.13, 3.14, 3.15 and 3.16, FEM analyses were performed using the general-purpose
FEM analysis software ANSYS.

First, the magnetic field distribution under the driver coil is calculated assuming that
in-plane waviness is induced in the 0° layer in a cross-ply laminate and that the long
sides of the rectangular driver coil are directed in the 0° fiber direction. Fig. 3.17 shows
the analytical model for the calculation of the magnetic field under the driver coil. A
rectangular driver coil is placed above a CFRP plate with a lift-off of 4 mm. The CFRP
plate is a cross-ply laminate with a stacking sequence of [0,/90,/0,/90,]s and dimensions
of 100 mm x 100 mm x 4 mm. The origin of the Cartesian coordinates (x, y, z) is set at

the center of the surface of the CFRP plate, as shown in Fig. 3.17. The x and y directions
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Fig. 3.16 Results obtained from top-surface measurement. Long sides of driver coil are
directed in 90° direction of specimen #2: (a) 0.25 MHz, (b) 0.5 MHz, (c) 1 MHz.
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represent the 0° and 90° fiber directions, respectively. The in-plane waviness zone is
simulated in the area ranging —5 < x < 5 mm in the surface 0° layers by modifying the
direction of electrical conductivity in elements. The waviness is represented as a half
wavelength of the triangular wave, as shown in Fig. 3.17. Hence, directions of electrical
conductivities are changed such that the fiber direction conductivity is directed along
the triangular wave. The in-plane waviness is simulated over —50 <y < 50 mm, and has
an amplitude of 2 mm and a length of 10 mm. The long sides of the rectangular driver
coil are directed in the 0° fiber direction. The magnetic field in the 10 mm x 10 mm area
1 mm above the CFRP is calculated assuming that the drive frequency is 1 MHz. Only

the z directional component of the magnetic field (H;) is obtained because the output

S
© W Driver coil
w\}.\‘@@é&@& - (10turns, 0.1A, 1IMH2)
A

CFRP[0,/90,/0,/90,]s

Direction of fiber
Amm |} direction conductivity
at surface 0 Iayers\

H, analysis area
(z=1mm,10mm % 10mm)

Fig. 3.17 Analytical model for the calculation of the magnetic field under the driver coil.
In-plane waviness with amplitude of 2 mm and length of 10 mm is simulated at surface
0° layers. The driver coil is directed in the 0° fiber direction.
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voltage of the pickup coil is generated by magnetic field normal to the loop. The x
location of the center of the driver coil is denoted x,. The magnetic field is calculated
for x, = —20, 7.5, 0, 7.5 and 20 mm. Fig. 3.18 shows FEM results of the magnetic field
(H,) for x, = 20, —7.5, 0, 7.5 and 20 mm in the case that the fiber displacement in the
waviness is the +y direction in Fig. 3.17. Real and imaginary parts represent the
in-phase and quadrature components with the drive current. At x, = —20 and 20 mm,
both Re(H,) and Im(H,) are antisymmetric with respect to y = 0. This result indicates
that the magnetic fields penetrating the 10 mm x 10 mm area in +z and —z directions are
equal to each other. Thus, the total magnetic flux penetrating a pickup coil placed
immediately under the driver coil becomes zero, and no output voltage of the pickup
coil is generated in the non-defective zone. At x, = —7.5 and 7.5 mm, where the driver
coil is close to the edge of the waviness zone, Re(H;) is almost antisymmetric with

respect to y = 0. No contribution of Re(H,) to the generation of the pickup coil output

Re(H,)

m—

Im(H,)

y=0

xp=—20mm xp:-7.5mm xp:Omm xp:7.5mm xp=20mm

NN Te—— —
_Hz max 0 +H

Z max

Fig. 3.18 Numerical results for the z directional component of the magnetic field. Long
sides of the rectangular driver coil are directed in the 0° fiber direction, and fibers in
simulated in-plane waviness are displaced in the + y direction in Fig. 3.17.
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immediately under the driver coil is seen at x, = —7.5 and 7.5 mm. However, the
distribution of Im(H,) is deformed and the area with Im(H;) < 0 is slightly larger than
that with Im(H;) > 0. A change in pickup coil voltage can occur because of the
deformation of the Im(H,) distribution, which corresponds to the experimental results
showing a signal change at the edges of the waviness zone. At x, = 0, where the driver
coil is immediately over the waviness zone, Re(H,) still appears antisymmetric with
respect to y = 0 like the other locations. The distribution of Im(H,) is bent into the shape
of in-plane waviness, which affects the pickup coil output. Fig. 3.19 shows the magnetic
field distributions in the case that fiber displacement in the waviness is in the —y
direction. Deformations of the Im(H;) distribution at x, = —7.5, 0 and 7.5 mm are
opposite to those in Fig. 3.18. The results of FEM analyses shown in Figs. 3.18 and 3.19
can explain the physical background of experimental results shown in Figs. 3.13(a) and

(b). In Fig. 3.18, Im(H;) immediately under the center of the driver coil has negative

Re(H,)

Im(H,)

y=0

xp=—20mm xp:-7.5mm xp:Omm xp:7.5mm xp=20mm

_Hz max 0 +Hz max

Fig. 3.19 Numerical results for the z directional component of the magnetic field. Long
sides of the rectangular driver coil are directed in the 0° fiber direction, and fibers in
simulated in-plane waviness are displaced in the —y direction in Fig. 3.17.
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values at x, = —7.5 and 7.5 mm and has a positive value at x, = 0. By contrast, in Fig.
3.19, Im(H,) immediately under the center of the driver coil has positive values at x, =
—7.5 and 7.5 mm and has a negative value at X, = 0. The increase and decrease in the
amplitude of the pickup coil output shown in Fig. 3.13 originate from positive and
negative changes in Im(H,). Moreover, the sequence of changes in the sign of Im(H,)
depends on the direction of fiber displacement in waviness, which caused the difference
between Figs. 3.13(a) and (b). Therefore, the physical background of signal changes
obtained in the experiments is verified by FEM analyses.

Second, the magnetic field distribution is calculated assuming that the long sides of
the rectangular driver coil are directed in the 90° fiber direction of the cross-ply

laminate. Fig. 3.20 shows the analytical model. The dimensions and stacking sequence

Waviness zone

Direction of fiber
direction conductivity

H, analysis area

omm (z=1mm,10mm X 10mm) 15mm

5mm z4 imm
z

X

p

Fig. 3.20 Analytical model for the calculation of the magnetic field under the driver
coil. The driver coil is directed in the 90° fiber direction.
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of CFRP and the simulated in-plane waviness are the same as those in Fig. 3.17. H; in
the 10 mm X10 mm area that is 1 mm above the CFRP surface is obtained for x, = —10,
-5, =2.5 and 0 mm. Fig. 3.21 shows FEM results of the H, distribution. It is seen that
both real and imaginary parts of the H, distribution are almost antisymmetric with
respect to x = Xp. These results indicate that when the long sides of the probe are
directed in the 90° fiber direction, the output voltage of the pickup coil is almost zero
even near waviness zones. This is because eddy currents are concentrated in 90° layers,
and thus, waviness in the 0° layer does not distinctly affect the pickup coil output. The
proposed probe can therefore detect in-plane waviness in the cross-ply laminate only

when the direction of the driver coil corresponds to the fiber direction with waviness.

Re(H,)

0
I

X,=—10mm X,=—5mm X,=—2.5mm X,=0mm

| S ———— |
'Hz max 0 +Hz max

Fig. 3.21 Numerical results of the z directional component of the magnetic field. Long
sides of the rectangular driver coil are directed in the 90° fiber direction.

3.3.4 Comparison with a conventional eddy current probe

To confirm that the proposed probe has higher sensitivity than conventional probe to
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in-plane waviness, a half-transmission probe was used to inspect specimen #2. Fig. 3.22
shows the configurations of the half-transmission probe used in the experiments. The
probe was composed of circular driver and pickup coils placed next to each other. The
inner diameter, height and number of turns of the coils were 6 mm, 2 mm and 18,
respectively. The probe was placed above the top surface of specimen #2 with a nominal
lift-off of 0.5 mm. The probe scanned in the two ways shown in Figs. 3.23(a) and (b). In
Fig. 3.23(a), the in-plane azimuth of the probe was set to 0°, and the probe scanned in
the x direction. Meanwhile, in Fig. 3.23(b), the probe azimuth was 90°, and the probe

scanned along the x axis. Drive frequencies used in the experiments were 1, 3 and 5

Driver coll Pickup coil
(18 turns) (18 turns)

Fig. 3.22 Configurations of half-transmission probe. This probe is used to compare
detectability of half-transmission probe and the proposed probe.

(a) (b)
Fig. 3.23 Experimental methods of using the half-transmission probe for the inspection
of specimen #2: (a) probe azimuth of 0°, (b) probe azimuth of 90°.
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MHz. The probe scanned at 2.5 mm intervals. Fig. 3.24 shows the results obtained when
the probe azimuth was 0°. The horizontal axis denotes the x position of the midpoint
between the driver and pickup coils. The vertical axis denotes the pickup coil voltage
divided by the drive voltage. As seen in Figs. 3.24(a)—(c), no signal change can be
observed at the locations of waviness. Although the proposed probe provides a clear
signal change at waviness zones, as shown in Fig. 3.14, waviness in specimen #2 could
not be detected using the half-transmission probe when the azimuth was 0°. Fig. 3.25
shows the result obtained when the azimuth of the half-transmission probe was 90°. As
seen in Figs. 3.25(a)—(c), there was no distinct signal change even though the probe
azimuth was changed to 90°. The proposed probe produced a clear signal change at
waviness zones at drive frequencies of 1, 3 and 5 MHz, while the half-transmission
probe did not. It was thus demonstrated that the proposed probe has better detectability
of in-plane waviness than conventionally used half-transmission probe. One possible
reason is the difference in the change ratio of the output signal at the waviness zone.
The output signal of the half-transmission probe includes the effect of the excitation
magnetic field from the driver coil. Since the magnetic field from eddy current is much
weaker than the excitation field, the change in the eddy current path in CFRP does not
produce a large change ratio of the half-transmission probe output. This possibly

explains why the proposed probe has higher sensitivity to in-plane waviness.
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Fig. 3.24 Results of the top-surface measurement of specimen #2 obtained from the
half-transmission probe, where the azimuth of the half-transmission probe is 0°: (a) 1
MHz, (b) 3 MHz, (c) 5 MHz.
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Fig. 3.25 Results of the top-surface measurement of specimen #2 obtained from the
half-transmission probe, where the azimuth of the half-transmission probe is 90°: (a) 1
MHz, (b) 3 MHz, (c) 5 MHz.
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3.4 Investigation of the effect of £45° layers

The proposed probe can identify the fiber direction with waviness in a cross-ply
laminate, as described in the previous section. The selectabilty of the inspected fiber
direction can be qualitatively explained by analytical solutions to the line drive
current-eddy current problem. However, analytical solutions cannot be obtained for
laminates including +45° layers because the presence of +45° layers makes it difficult to
solve Maxwell’s equations. Hence, it remains unknown how to identify the fiber
direction with waviness in the case of laminates including £45° layers. We numerically
investigated whether the proposed method can identify the wavy fiber direction in

laminates including £45° layers.

3.4.1 Eddy current distribution in a laminate with +45° layers

The eddy current distribution in a laminate with £45° layers was investigated in FEM
analysis. The analytical model is similar to the model shown in Fig. 3.3. The dimensions
of the CFRP plate and driver coil are the same as those in Fig. 3.3. The stacking
sequence of CFRP under the driver coil is assumed to be [0,/45,/—45,/90,]s. The values
of electromagnetic properties are the same as those given in Table 3.1. The driver coil is
directed in the 0° fiber direction. The drive frequency is assumed to be 1 MHz. Fig. 3.26
shows the eddy current vector distributions in [0,/45,/—45,/90,]s. Distributions of the
real part of eddy current density are displayed in Fig. 3.26. The figure shows that eddy
currents flow along the fiber direction. Eddy currents are not concentrated in the fiber
direction corresponding to the driver coil direction unlike the case for cross-ply laminate.
Eddy currents in £45° layers are not negligible. It is thus difficult to concentrate eddy

currents in one fiber direction in the case of laminates including +45° layers. Fig. 3.27
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Fig. 3.26 Eddy current vector distribution in [0,/45,/—45,/90,]s calculated employing
FEM, where the real part of the eddy current density vector in a 50 mm x 50 mm area
under the driver coil is displayed: (a) first element layer from the surface (0° layer), (b)
fourth element layer (0° layer), (c) fifth element layer (45° layer), (d) eighth element
layer (45° layer), (e) ninth element layer (—45° layer), (f) 12" element layer (—45°
layer), (g) 13" element layer (90° layer), (h) 16™ element layer (90° layer).
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shows the relationship between the maximum eddy current density and electrical
conductivities in transverse and thickness directions of unidirectional ply. The
maximum eddy current density strongly depends on conductivity in the thickness
direction. This result is similar to the result obtained for cross-ply laminate shown in Fig.
3.7. Thus, a variation of electrical conductivity in the thickness direction affects the

probe output during the inspection of a laminate with +45° layers.

e [AVY]
6100 //C m5040-6100
5940 5780-5940
L_-__—_
5780 ® 5620-5780
5620 = 5460-5620
5460
m 5300-5460
530024 20
18 o 10 15
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Fig. 3.27 Numerically calculated relationships between the maximum eddy current
density in laminate with +45° layers [0,/45,/-45,/90,]s and electrical conductivities in
transverse and thickness directions of unidirectional ply.

3.4.2 Magnetic field distribution around waviness

The magnetic field around the waviness zone was numerically investigated. Although
eddy currents cannot be concentrated in one fiber direction, identification of the wavy
fiber direction is possible if the detectability of waviness changes with the probe
azimuth. The analytical model used for the magnetic field calculation is similar to the
model shown in Fig. 3.17. The dimensions of the CFRP plate and driver coil are the

same as those in Fig. 3.17. The stacking sequence of the CFRP is assumed to be
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[02/45,/—45,/90,]s. In-plane waviness is simulated at surface 0° layers, like the
analytical model in Fig. 3.17. The in-plane waviness is induced over the CFRP width
along the y direction, and its amplitude and length are 2 and 10 mm, respectively. The
driver coil has 10 turns, and sinusoidal current with amplitude of 0.1 A and frequency of
1MHz is applied to the driver coil. The distribution of the z directional magnetic field
(H.) is investigated in the 10 mm x 10 mm area that is 1 mm above the CFRP plate (see
Fig. 3.17). Calculations are made for in-plane driver coil azimuth angles of 0°, 45°,
—45° and 90°. The x location of the driver coil (xp) is varied among —20, =7.5, 0, 7.5 and
20 mm. Fig. 3.28 shows numerical results of the H, distribution in the 20 mm x 10 mm
area that is 1 mm above the CFRP plate at x, = —20, —7.5, 0, 7.5 and 20 mm. Since the
pickup coil is placed immediately under the driver coil, the magnetic field around the
center of each image is important. In Fig. 3.28, the intersection of two lines represents
the center of the 10 mm x 10 mm area. Distributions of the imaginary part of the
magnetic field are antisymmetric when the driver coil is located at x, = —20 and 20 mm
(non-defective zones). These results show that the output voltage of a pickup coil placed
at the center of the 10 mm x 10 mm area becomes zero at non-defective zones. As
shown in Fig. 3.28(a), the imaginary part of H, deforms into the shape of the simulated
waviness when the driver coil is directed in the 0° fiber direction at x, = 0. This result
indicates that in-plane waviness affects the output signal when the pickup coil is placed
at the center of the 10 mm x 10 mm area. Meanwhile, when the azimuth of the driver
coil is 45°, —45° and 90°, deformation of the Im(H,) distribution at x, = 0 shown in Figs.
3.28(b)—(d) is much less than that obtained in the case of the 0° driver coil azimuth. It is
thus predicted that the eddy current probe is the most sensitive to waviness when the

driver coil is directed in the fiber direction with the waviness.
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Fig. 3.28 Numerical results of the z directional component of the magnetic field
obtained for [0,/45,/-45,/90,]s: (a) driver coil azimuth of 0°, (b) driver coil azimuth of
45°, (c) driver coil azimuth of —45°, (d) driver coil azimuth of 90°.
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3.4.3 Material

To investigate whether the proposed probe can detect in-plane waviness and identify
the fiber direction with waviness, experiments were performed for a specimen with
+45° layers. Fig. 3.29 shows the CFRP laminate including £45° layers used in the
experiments (specimen #3). The length, width and thickness of the specimen were 300
mm, 270 mm and 4.8 mm, respectively. Specimen #3 was a 24-layer specimen with a
stacking sequence of [(0/45/0/—45/0/90),]s. Specimen #3 was fabricated using the same
method as for specimen #2. In-plane waviness were artificially induced in the first, third
and fifth 0° layers. Table 3.3 gives the sizes of in-plane waviness in specimen #3

measured by X-ray CT.

Top surface  Bottom surface

y(90° )
45° °+45°
’ x(0) " 1st ply
N e e ™
150
§ NN N SN 3rd ply
A A 77
225
NN NN Sthply |
7 7 7 7 7
Unit: mm
270

4.8

Fig. 3.29 CFRP laminate with in-plane waviness [(0/45/0/—45/0/90),]s (specimen #3).

Table 3.3 Sizes of in-plane waviness in specimen #3 measured from an X-ray CT
image

Layer (from top surface) Amplitude [mm] Length [mm] Angle [°]
first layer 1.23 12.3 13.8
third layer 0.99 13.4 10.0
fifth layer 1.56 13.4 16.2
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3.4.4 Experimental setup

Fig. 3.30 shows the experimental setup. The probe was composed of a vertical
rectangular driver coil and a pickup coil perpendicular to each other. The driver coil was
a 20-turn rectangular coil with long and short sides of 20 and 7 mm, respectively. The
pickup coil was a 6 mm x 5 mm rectangular coil with 15 turns. The diameters of the
enameled copper wires used to turn the driver and pickup coils were 0.2 mm and 0.12
mm, respectively. The probe scanned along the x axis in Fig. 3.29 with a nominal lift-off
of 0.5 mm. The experiments were performed for in-plane probe azimuth angles of 0°,
45°, —45° and 90°. An LCR meter (HIOKI E. E. CORPORATION, IM3536) supplied a
30 mA, 1 MHz sinusoidal current to the driver coil and measured the output voltage of
the pickup coil. Impedance of the pickup coil was calculated as the pickup coil output

divided by the drive current.

Drive current | Pickup coil output V

CFRP Driver coil

==
Pickup coil

Driver coil (20 turns)
20 5
7 E
i =
Pickup coil 6 5 Unit: mm
(15turmns)  Front view Side view

Fig. 3.30 Experimental setup for the inspection of specimen #3. The LCR meter
supplies the drive current and measures the pickup coil voltage.
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3.4.5 Results and discussion

Fig. 3.31 shows the results of ET of specimen #3. The horizontal axis denotes the x
position of the probe, while the vertical axis denotes the impedance of the pickup coil.
Fig. 3.31 (a) shows peaks of the pickup coil impedance at the locations of waviness. It is
thus verified that the proposed probe can detect in-plane waviness in laminates
including +45° layers. This change in pickup coil impedance is result of the deformation
of magnetic field distribution shown in Fig. 3.28(a). In Figs. 3.31 (b)—(d), there is no
distinct peak of pickup coil impedance. The FEM results in Figs. 3.28 (b)—(d) show that
the deformation of the magnetic field distribution caused by in-plane waviness in the 0°
layer is smaller when the probe azimuth is 45°, —45° or 90°. This explains why the clear
peaks of pickup coil impedance are observed only when the probe azimuth is 0°.
According to the results shown in Fig. 3.31, the 0° fiber direction can be identified as

the fiber direction with in-plane waviness.
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Fig. 3.31 Results of ET obtained for specimen #3: (a) probe azimuth of 0°, (b) probe
azimuth of 45°, (c) probe azimuth of —45°, (d) probe azimuth of 90°.
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3.5 Conclusions of Chapter 3

An eddy current probe specialized for the detection of in-plane waviness in CFRP
laminates is proposed. The probe is sensitive to the in-plane deformation of the eddy
current path, and can select fiber layers to be inspected through a change in the in-plane
probe azimuth when the tested CFRP is a cross-ply laminate. The layer selectability was
explained by two-dimensional analytical solutions for the vector potential derived in
Chapter 2 and three-dimensional FEM analysis. Analytical solutions for the vector
potential show that the eddy current distribution depends only on the conductivity in the
drive current direction when the drive current is directed in the 0° or 90° fiber direction
of cross-ply laminates. Moreover, the analytical solution shows that eddy currents are
concentrated in layers with carbon fibers corresponding to the drive current direction.
This was verified by three-dimensional FEM analyses. It was found that near the driver
coil, eddy currents are directed only in the direction of the driver coil and concentrated
in carbon fibers in that direction. Hence, the proposed method can select in which layers
of the cross-ply laminate eddy currents are concentrated.

The proposed probe was used to detect artificially induced in-plane waviness in
cross-ply CFRP laminates. It was found that the output signal of the pickup coil has a
local maximum at the edges of the waviness zone and has a local minimum at the vertex
of the waviness. In contrast, for the opposite direction of the fiber displacement in
waviness, the pickup coil has a local minimum value at the vertex of the waviness, and
a local maximum value at the vertex of the waviness. These results imply that the length
of the waviness zone and direction of fiber displacement can be identified from the
variation of the pickup coil output. Subsequently, measurements were performed for a

20-layer cross-ply CFRP specimen with in-plane waviness at different depths. The
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probe produced a recognizable signal change at the location of waviness 18 layers from
the surface at a drive frequency of 0.25-1 MHz.

The magnetic field distribution around the waviness zone in a cross-ply laminate was
investigated in FEM analyses. It was found that the distribution of the imaginary part of
the magnetic field normal to the CFRP surface is deformed around waviness, which
affects the output voltage of the pickup coil. Furthermore, FEM analyses showed that
the sequence of positive and negative changes in the pickup coil output obtained when
scanning with the probe depends on the direction of fiber displacement in waviness. In
addition, we investigated the magnetic field distribution when the direction of the driver
coil is perpendicular to the fiber direction with waviness. Almost no change in the
magnetic field was observed in this case.

We investigated whether the fiber direction with waviness can be identified in the
case of testing laminates including +45° layers. According to FEM analyses of [0,/45,/—
45,/90,]s laminate, it is not possible to concentrate eddy currents in one fiber direction.
However, FEM analyses revealed that deformation of the magnetic field caused by
waviness is largest when the direction of the driver coil corresponds to the fiber
direction with the waviness. Hence, the proposed probe is most sensitive to in-plane
waviness when the probe azimuth corresponds to the fiber direction with the waviness.
Identification of the fiber direction with waviness is possible even for the inspection of
laminates including £45° layers. Experimental results showed that the proposed probe
produces a clear change in the pickup coil output at the locations of fiber waviness.
Moreover, distinct peaks of the pickup coil output were observed at waviness zones
only when the probe was directed in the fiber direction with waviness. Thus, the wavy

fiber direction can be identified even if the tested laminate includes £45° layers.
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In conclusion, it was verified in experiments that the proposed probe can detect
waviness only when the direction of the driver coil corresponds to that of the carbon
fiber with waviness. In the experiments described in this chapter, a recognizable change
in probe output was obtained from in-plane waviness up to 18 layers from the inspected
surface of a 20-layer cross-ply laminate. The waviness in the 18" layer from the surface
had a misalignment angle of 24.9°. The minimum misalignment angle of detected
waviness in the cross-ply laminate [(0/90)s]s was 6.9°, and the waviness was located in
the first layer of the laminate. The waviness with a minimum misalignment angle
detected in the measurement for the laminate with a stacking sequence of
[(0/45/0/-45/0/90),]s had an angle of 10.0° and was located in the third layer from the

surface.
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Chapter 4

Eddy current imaging technique for visualization

of in-plane fiber waviness
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4.1 Background

In this chapter, an eddy current imaging technique for estimation of the size of
in-plane waviness is proposed. Conventionally, the eddy current-based approach of
visualizing defects has adopted inverse analyses [4.1]-[4.6]. Inverse analyses can be
used to estimate sizes of defects if the tested material is isotropic conductive materials.
Perturbation of the electromagnetic field produced by a defect can be obtained in the
form of an analytical solution in the case of isotropic conductive materials [4.1]-[4.5].
FEM analyses are also available for solving forward problem, and a comparison with
experimental data allows an estimation of the defect size [4.6]. On the other hand, an
analytical solution for the perturbation of the electromagnetic field caused by a defect in
CFRP has not been derived because of anisotropy and the multilayered structure. Hence,
a change in electromagnetic field caused by in-plane waviness is not available in the
form of an analytical solution. Moreover, it is difficult to realize good agreement
between experimental data and FEM results because there is a variation of electrical
conductivity within CFRP laminates, unlike the case for metal.

In Chapter 3, eddy current technique to detect in-plane waviness and identify the fiber
direction with the waviness was developed. In this chapter, a method to estimate the size
of in-plane waviness at the location of the detected waviness is proposed. Because eddy
currents flow along carbon fibers in CFRP, the size of waviness can be estimated if the
eddy current path can be visualized. We propose a method to identify the eddy current
path by measuring the magnetic field. The effectiveness of the proposed method was
investigated through FEM analyses and experiments. The proposed method was applied

to multidirectional CFRP with artificially induced in-plane waviness.
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4.2 Method
4.2.1 Magnetic field measurement strategy for visualizing eddy current path

We propose a method to estimate the eddy current path from the magnetic field in this
study. Fig. 4.1 is a schematic representation of the proposed eddy current imaging
method for estimating the shape and size of in-plane waviness. Two types of coil are
used: a driver coil and pickup coil. The driver coil generates a magnetic field and
induces eddy current in the tested CFRP. The pickup coil measures the resulting
magnetic field generated by the drive current and eddy current.

In this method, a vertical rectangular driver coil is fixed above a region with waviness
and is directed in the fiber direction with the waviness. For example, if the waviness is
located in the 0° fiber direction of the CFRP, the rectangular driver coil is placed above
the CFRP such that it is directed in the 0° fiber direction as shown in Fig. 4.1. It is
assumed that x and y locations of the in-plane waviness and fiber orientation with
waviness are known in advance. This is because the location of waviness and the fiber
direction with the waviness can be identified using the eddy current probe developed in

Chapter 3. The in-plane azimuth of the vertical rectangular driver coil is important for

Driver coil (fixed) Cantilever

Eddy current

yd
z y (90° )/Z P \

x(0° ) | =
Pickup coil (scanned)

CFRP

Fig. 4.1 Schematic representation of the proposed eddy current imaging method for
estimation of the shape and size of waviness.
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determining in which fiber direction eddy currents are induced. Chapter 3 showed that
when the rectangular driver coil is directed in the 0° fiber direction of a cross-ply
laminate, eddy currents are concentrated only in 0° layers under the driver coil. Hence,
layers to be inspected can be selected by changing the in-plane probe azimuth. This
excitation method is useful also for visualization of the wavy eddy current path from the
magnetic field. The magnetic field generated by eddy current in the fiber direction
perpendicular to the driver coil direction can be eliminated if the tested CFRP is a
cross-ply laminate.

The eddy current path is estimated from the magnetic field distribution measured by
scanning the sample surface with the pickup coil. Visualization of electric currents
based on magnetic field measurement is employed in a wide variety of research fields
[4.7]-[4.10]. It is commonly reported that the measurement of the magnetic field
component perpendicular to the plane in which electric currents flow is an effective way
to visualize the electric current paths. For example, when the electric currents are
distributed in the x-y plane, the z directional component of the magnetic field (H,) is
measured. Because the z directional magnetic field becomes zero above a line current
element according to the Biot-Savart law, the H, = 0 line offers a good estimation of the
current paths. Most studies visualizing electric current focus on current generated by the
electric potential gradient using electrodes on the sample. Meanwhile, the path of
current induced by electromagnetic induction has not been obtained from the H,
distribution to the best of the author’s knowledge. This is because the magnetic field
from the driver coil is included in the measured magnetic field. The magnetic field from
the drive current prevents the H, = 0 line from corresponding to the eddy current path.

In this study, a new complex plane analysis method is developed to remove the effect of
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the magnetic field generated by the driver coil. The magnetic field generated by the
drive current is in-phase with the drive current. On the other hand, eddy current induced
by the drive current is generally not in-phase with the drive current. Hence, the
magnetic field component that is out-of-phase with the drive current does not include
the magnetic field from the drive current. The quadrature magnetic field is generated
only from the eddy current. This physical background can be seen in analytical solutions
for the electromagnetic field derived in Chapter 2. Fig. 4.2 shows the analytical model
of two opposing line currents placed above unidirectional CFRP. It is assumed that the
fiber direction of the unidirectional CFRP is the x direction in Fig. 4.2. The line drive
current is infinitely long in the x direction. Hence, the line current in Fig. 4.2 represents
the sides of the vertical rectangular coil parallel to the CFRP surface when the lengths
are sufficiently long. The vector potential in the region between the CFRP and bottom

of the line drive currents (0 < z < 1;) is expressed as Eq. (4.1).

Ay, 2)+ ALY, 2)
A(y,2) = 0
0 4.2)

Line drive current (current density: i,)

______ Z:|4
| _____ z=l,
| |
1 | _ Z:|
I\Z 2
y I [ z=l,
«— X — =
Y=Y1 Y=Y, 220
CFRP
Z=-C

Fig. 4.2 Analytical model of line drive currents placed above CFRP directed in opposite
directions to each other.
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Aq4 and A are expressed as the following equations.

A2 =0 [ Lot o) (e o)

x{sina(y —y,) —sina(y - y,)jda (42)
_luOiO wi (az _a3le_e72aackiaz —dy _a=dh _ (a=ds _ q=dhs
A7) = 2z J.O o’ (o, +a) —(a, —a)fe ™ {(e S ° )}
x{sina(y —y,) —sina(y —y,)jda “3)
where
a; = (a2 + jou,o, )1/2 (4.4)

Here, i is the drive current density, uo is magnetic permeability in a vacuum, o is the
angular drive frequency, op Is electrical conductivity in the fiber direction of
unidirectional CFRP and j is the imaginary unit. Ay is independent of electrical
conductivity of CFRP according to Eq. (4.2). Only A, depends on electrical conductivity
of CFRP, as shown in Eq. (4.3). Furthermore, Eq. (4.3) shows that A, becomes zero
when the electrical conductivity of the tested material is zero. It follows that A4 is a
vector potential generated by drive current, while A. is that generated by eddy current.
Eq. (4.2) shows that Aq has only a real part, which indicates that Aq is in-phase with the
drive current. Meanwhile, A is a complex number and is generally not in-phase with the
drive current. Because the magnetic field is a rotation of the vector potential, the
magnetic field is also divided into fields generated by the driver coil and eddy current.
Hence, the z directional magnetic field in the region between the CFRP and bottom of

the line drive currents can be written as Eq. (4.5).
H, =H,+H, (4.5)

where
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H, =Re(H,) (4.6)

H,=Re(H,)+jIm(H,) 4.7)

Thus, when the drive current is assumed to be a phase reference (i.e., the real part in the
complex plane), the imaginary part of H, (Im(H,)) represents the magnetic field from
the eddy current. Therefore, the eddy current path can be estimated from a line on which

Im(H;) becomes zero and the size of waviness can be estimated.

4.2.2 FEM analyses of magnetic field distribution in waviness zone

To confirm that the Im(H,) = 0 line allows a good estimation of the waviness size,
FEM analyses are performed using the general-purpose FEM analysis software ANSY'S.
Fig. 4.3 shows an analytical model of the proposed eddy current imaging method. A
vertical rectangular driver coil is placed above a CFRP plate with simulated in-plane
waviness. The rectangular driver coil has length of 15 mm, width of 5 mm and height of

2 mm. The lift-off of the driver coil is set to 4 mm. It is assumed that the driver coil has

CFRP

Width: 100

Direction of fiber Unit: mm

direction conductivity Length: 100

CFRP Stacking sequence: [0,/90,/0,/90,]s or [0,/45,/-45,/90,]s

Fig. 4.3 Analytical model of eddy current imaging. Triangular waviness is simulated
somewhere in 0° layers along the width of CFRP plate.
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10 turns, and a sinusoidal current with amplitude of 0.1 A is applied to the driver coil.
The length, width and thickness of the CFRP plate are 100, 100 and 4 mm, respectively.
The shape of the in-plane waviness is assumed to be a half-wavelength of a triangular
wave as shown in Fig. 4.3. The in-plane waviness is simulated by modifying the
direction of electrical conductivity of the elements in the waviness zone. Directions of
the electrical conductivity are modified such that fiber-direction conductivity is directed
along the triangular wave. The waviness is induced along the width of the CFRP. In all
calculations, the amplitude and length of the waviness are 2 and 10 mm, respectively.
The angle of the waviness is calculated as 21.8° from the inverse tangent. The
distribution of H; at the surface of the CFRP is calculated. The calculations are made for
CFRPs with stacking sequences of [02/90,/0,/90;]s and [0,/45,/—45,/90,]s. Material
properties used for calculations are listed in Table 4.1 [4.11].

First, the distribution of H, at the surface of a 16-layer cross-ply laminate
[02/90,/0,/90,]s is investigated while varying the drive frequency and the depth of
in-plane waviness. Drive frequencies used in the calculations are 0.25, 1 and 4 MHz.
There are three cases of the depth of in-plane waviness: in-plane waviness in the first
and second layers, the fifth and sixth layers, and the 11" and 12" layers. Because
in-plane waviness is located in the 0° layers in all three cases, the driver coil was

directed in the 0° fiber direction as depicted in Fig. 4.3. Fig. 4.4 shows the distribution

Table 4.1 Material properties of CFRP used for FEM analyses

Material property Value
Conductivity in fiber direction [S/m] 34120
Conductivity in transverse direction [S/m] 24
Conductivity in thickness direction [S/m] 20
Magnetic permeability [H/m] 1.26x107°
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of Im(H,) at the surface of the CFRP when the in-plane waviness is located in first and
second layers. Fig. 4.4 presents a 30 mm x 30 mm area under the driver coil. As the
dotted lines in Fig. 4.4 show, the Im(H,) = 0 line is deformed at the location of waviness
and corresponds to the shape of the simulated waviness. Lengths of the deformation of
the Im(H,) = 0 line are 9.67-9.77 mm for the three frequencies used in the calculations.
There is thus good agreement with the length of the simulated waviness (10 mm). The
amplitude of the Im(H;) = 0 line in Fig. 4.4(c) is the closest to that of the simulated
waviness (2 mm). The error is approximately 10 %. However, the amplitude of
waviness estimated from the Im(H;) = O line has larger error as the drive frequency
decreases. This is because the magnetic field from eddy current in 0° layers without
waviness is included in the magnetic field. For visualization of the eddy current path, it
is desirable that eddy current flows only in a layer with in-plane waviness. However, in

reality, eddy currents are distributed in several layers in the laminate and attenuate in the

EE L = || =R |
-0.88 0 0.88 2.1 0 2.1 -2.8 0 2.8
Im(H,) [A/m] Im(H,) [A/m] Im(H,) [A/m]

(a) (b) (©)

Fig. 4.4 Im(H,) distributions at the CFRP surface when in-plane waviness is located in
the first and second layers of the cross-ply laminate with the stacking sequence of
[02/902/0,/90,]s (30 mm x 30 mm area under the driver coil): (a) 0.25 MHz, (b) 1 MHz,
(c) 4 MHz (unit: millimeters).
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thickness direction because of the skin effect. Hence, the magnetic field from eddy
currents in non-defective layers can be included in the Im(H,) distribution, which results
in underestimation of the amplitude of the waviness. According to the skin effect, eddy
currents can be more concentrated near surface layers at higher frequency. When the
in-plane waviness is located at the surface layer of the CFRP, the use of a higher drive
frequency can offer better accuracy in the estimation of the waviness size. This is
because non-defective layers below the top wavy layers have less effect on the magnetic
field. This is the reason why the amplitude of the Im(H,) = O line obtained at a higher
drive frequency is in better agreement with the amplitude of the simulated waviness. Fig.
4.5 shows the Im(H,) distribution in the case that in-plane waviness is located in the
fifth and sixth layers. The wavy shape of the Im(H;) = 0 line can be observed even
though waviness is located inside the CFRP. However, the estimated waviness

amplitudes have larger errors relative to the results presented in Fig. 4.4. Estimated

! o !
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Fig. 4.5 Im(H,) distributions at the CFRP surface when in-plane waviness is located in
the fifth and sixth layers of the cross-ply laminate with the stacking sequence of
[02/902/02/90,]s (30 mm x 30 mm area under the driver coil): (a) 0.25 MHz, (b) 1 MHz,
(c) 4 MHz (unit: millimeters).

- 114 -



amplitudes of the waviness are underestimated and are less than half the simulated size.
This is because of the effect of the magnetic field from eddy currents in top 0° layers.
Because eddy currents have larger amplitude near surface layers, the magnetic field
from eddy current in the surface 0° layers is dominant in the Im(H,) distribution. The
resulting magnetic field obtained in the Im(H,) image is the sum of the magnetic fields
from all layers, which leads to a reduced amplitude of the Im(H,) = O line. There is thus
underestimation of the amplitude of waviness in deeper regions. This physical
background explains why the estimated waviness size has larger error at higher
frequency. At higher frequency, eddy currents are concentrated more in the surface 0°
layers, and the amplitude of the eddy currents in deeper region becomes smaller. This
reduces the contribution of eddy currents in the wavy layer to the Im(H,) distribution,
and thus, the Im(H,) = 0 line has an amplitude that is smaller than the actual size of

waviness. To obtain the Im(H;) = 0 line that has an amplitude closer to the size of

4.4°
T—)x(o°) x(0° ) x(0° )
| b | | B B | |
-0.88 0 0.88 21 0 21 2.8 0 2.8
Im(H,) [A/m] Im(H,) [A/m] Im(H,) [A/m]
() (b) (c)

y 0.33

I A

Fig. 4.6 Im(H,) distributions at the CFRP surface when in-plane waviness is located in
the 11M and 12" layers of the cross-ply laminate with the stacking sequence of
[02/902/02/90,]s (30 mm x 30 mm area under the driver coil): (a) 0.25 MHz, (b) 1 MHz,
(c) 4 MHz (unit: millimeters).
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subsurface waviness, the use of a lower frequency is desirable. However, Fig. 4.5 shows
that the value of Im(H,) decreases as the drive frequency decreases, which leads to a
lower signal-to-noise ratio in actual measurements. It follows that there is a trade-off
relationship between the accuracy of the subsurface waviness size estimation and
sensitivity. Fig. 4.6 shows the Im(H,) distribution when in-plane waviness is located in
the 11™ and 12" layers. The wavy shape of the Im(H,) = 0 line is slightly visible at 0.25
MHz; it has amplitude of only 0.33 mm. At drive frequencies of 1 and 4 MHz, Im(H,) =
0 lines are almost straight and the estimation of the waviness size is no longer possible.
Therefore, the proposed method can accurately estimate the size of surface waviness,
while estimation of the size of deep lying waviness is difficult.

Second, the distribution of Im(H,) is calculated for a laminate with a stacking
sequence of [0,/45,/—45,/90,]s. In the case of a cross-ply laminate, eddy currents are
concentrated only in the fiber direction that corresponds to the driver coil direction. For
example, when the driver coil is directed in the 0° fiber direction of a cross-ply laminate,
almost no eddy currents are induced in 90° layers under the driver coil and eddy
currents are concentrated only in 0° layers. This can be explained by analytical solutions
for eddy currents induced by a line current derived in Chapter 2. However, because
analytical solutions to the eddy current problem cannot be obtained for CFRP including
+45° layers, the applicability of the proposed method is unknown. We investigate
whether the proposed method is effective also for estimating the size of waviness in
CFRP including +45° layers. It is assumed that in-plane waviness is located in the first
and second 0° layers, and the driver coil is directed in the 0° direction. Other conditions
of the calculations are the same as those used for cross-ply laminate. Fig. 4.7 shows the

Im(H,) distribution in a 30 mm x 30 mm area at the surface of the [0,/45,/—45,/90;]s
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laminate. The shapes and sizes of the Im(H;) = 0 line in Fig. 4.7 closely match the
waviness simulated in the calculations. Hence, waviness can be successfully visualized
even in the case of a laminate with £45° layers. One notable difference between Fig. 4.4
and Fig. 4.7 is that the Im(H,) = 0 line in Fig. 4.7 is slightly inclined. This is because of
the magnetic field generated by eddy current in +45° layers below the top 0° layers. A
non-negligible amount of eddy current flows in £45° layers, resulting in the Im(H,) =0
line being inclined relative to the x axis. Because the +45° layer is closer to the surface
of the CFRP than —45° layer, larger eddy currents flow in the +45° layer because of the
skin effect. Thus, the effect of the magnetic field from the +45° layer on Im(H,) is
stronger than that from —45° layer. This explains why the Im(H,) = 0 line in Fig. 4.7 is
inclined relative to the x axis in the direction of the +45° fiber. Subsequently, the effect

of the in-plane azimuth of the driver coil is investigated. Fig. 4.8 shows numerical

= | R I N L]
-0.8 0 0.8 2.1 0 2.1 -2.9 0 2.9
Im(H,) [A/m] Im(H,) [A/m] Im(H,) [A/m]

(a) (b) (c)

Fig. 4.7 Im(H,) distributions at the CFRP surface when in-plane waviness is located in
the first and second layers of the laminate including £45° layers and having the stacking
sequence of [0,/45,/—45,/90,]s (30 mm x 30 mm area under the driver coil), where the
in-plane azimuth of driver coil is 0° direction: (a) 0.25 MHz, (b) 1 MHz, (¢) 4 MHz
(unit: millimeters).
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results of the Im(H,) distribution in a 30 mm x 30 mm area at the surface of the
[02/45,/—45,/90,]s laminate when the azimuth angle of the driver coil varies among 45°,
—45° and 90°. The drive frequency used to obtain Fig. 4.8 is 1 MHz. According to Figs.
4.8(a)—(c), in-plane waviness in the first and second 0° layers does not produce clear
deformation of the Im(H;) = 0 line compared with the results in Fig. 4.7 (b). It is almost
impossible to grasp the shape and size of in-plane waviness in the first and second 0°
layers. It is thus necessary to match the driver coil azimuth with the wavy fiber direction
to estimate the waviness shape and size more accurately.

Third, the effect of lift-off of the magnetic field measurement is investigated. The
analytical model and excitation conditions are the same as those used to calculate the
Im(H,) distribution in Fig.4.4 (b). It is assumed that the driver coil is placed above the
cross-ply CFRP laminate [0,/90,/0,/90;]s with a 4 mm lift-off of. In-plane waviness was

simulated in the first and second 0° layers like the analytical condition of Fig.4.4(b).
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Fig. 4.8 Im(H,) distributions at the CFRP surface when in-plane waviness is located in
the first and second layers of the laminate including +45° layers [0,/45,/—45,/90,]s (30
mm x 30 mm area under the driver coil). The drive frequency is 1 MHz. The in-plane
azimuth of the driver coil is in (a) the 45° direction, (b) the —45° direction and (c) the
90° direction.
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The driver coil is directed in the 0° fiber direction, and the drive frequency is 1 MHz.
Although Fig. 4.4(b) shows the Im(H,) distribution at the CFRP surface, the Im(H,)
distribution in the area above the CFRP is investigated. Fig. 4.9 shows the Im(H,)
distribution in the area above the CFRP surface. Fig. 4.9(a) is the Im(H,) distribution in
a 30 mm x 30 mm area that is 1 mm above the CFRP surface. The deformation of the
Im(H;) = 0 line has an amplitude of 1.10 mm, which is much smaller than that in Fig.
4.4(b). Fig. 4.9(b) is the Im(H,) distribution in an area that is 2 mm above the CFRP
surface. The amplitude of the Im(H,) = O line in Fig. 4.9(b) is 0.85 mm. It is found that
the amplitude of the Im(H;) = 0 line decreases as the distance between the CFRP surface
and the plane in which the magnetic field distribution is measured increases. Thus, the
pickup coil used to measure the magnetic field distribution should be in contact with the
CFRP surface for accurate estimation of waviness size.

The calculations described above verify that in-plane fiber waviness can be visualized

y (90° )

T—)x(o")

| EE |
-1.7 0 1.7 -1.7 0 1.7
Im(H,) [A/m] Im(H,) [A/m]
(a) (b)

Fig. 4.9 Im(H,) distributions in an area above the CFRP surface when in-plane waviness
is located in the first and second layers of the cross-ply laminate having the stacking
sequence of [0,/90,/0,/90,]s (30 mm x 30 mm area under the driver coil): (a) area 1 mm
above the CFRP surface, (b) area 2 mm above the CFRP surface (unit: millimeters).
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using the proposed method. The shape and size of surface waviness can be estimated
with high precision using this method. It was found that in-plane waviness in laminates
including +45° layers can also be visualized by matching the driver coil azimuth with
the fiber direction with the waviness. FEM results for cross-ply laminate indicate that
the amplitude of waviness is underestimated when the waviness is located in a deeper

region of the tested material.

4.3 Experimental
4.3.1 Materials

Fig. 4.10 shows CFRP specimens used in experiments of the proposed eddy current
imaging.

Fig. 4.10 (a) shows a three-layer cross-ply laminate with a stacking sequence of
[0/90/0] (specimen #1). The length and width of the specimen were 250 and 200 mm,
respectively. The specimen was fabricated by stacking prepregs (Mitsubishi Rayon Co.,
Ltd., PYROFIL TR380G250S) and curing them in an electric furnace. In-plane
waviness was artificially induced in the first layer over the width along the center line of
the specimen. The waviness was formed by deforming carbon fibers in the prepreg prior
to molding. Epoxy resin at the center line of the first layer prepreg was removed by
wiping it with a paper towel soaked with acetone until carbon fibers could deform. A
compressive load was then applied to the resin removed area and in-plane waviness
formed along the specimen center line. The prepreg with artificially induced in-plane
waviness was stacked and cured following the standard cycle recommended by the
manufacturer. As shown in Fig. 4.10(a), the specimen had in-plane waviness with an

amplitude of 1.25 mm and a length of 19.9 mm. The angle of the fiber misalignment
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Fig. 4.10 CFRP specimens with artificially induced in-plane waviness: (a) specimen #1,
a three-layer cross-ply CFRP ([0/90/0]) with surface in-plane waviness, (b) specimen
#2, a 20-layer cross-ply CFRP ([(0/90)s]s) with in-plane waviness in the first, third,
seventh and ninth layers from the top surface, (c) specimen #3, a 24-layer CFRP
including £45° layers ([(0/45/0/—45/0/90).]s) with in-plane waviness induced in the
first, third and fifth 0° layers from the top surface.
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was 8.4°. Fig. 4.10(b) shows a 20-layer cross-ply specimen with a stacking sequence of
[(0/90)s]s (specimen #2). The length, width and thickness of the specimen were 300, 270
and 4 mm, respectively. The specimen was fabricated by stacking thermoplastic
unidirectional prepregs (Toho Tenax Co., Ltd.,, Q111E 2000). Multiple in-plane
waviness were artificially induced in 0° layers that were the first, third, seventh and
ninth layers from the top surface as shown in Fig. 4.10(b). In-plane waviness were
induced by deforming fibers in prepreg before molding. A heat gun was used to heat and
soften thermoplastic resin in the area where the waviness was induced. Subsequently,
carbon fibers were moved in the transverse direction of the prepreg and in-plane
waviness could form. The sizes of the in-plane waviness were measured by X-ray CT.
The sizes of the waviness estimated from an X-ray CT image are listed in Table 4.2. The
size of the first layer waviness was measured from an optical image of the specimen
surface.

Fig. 4.10 (c) shows a 24-layer specimen with a stacking sequence of

[(0/45/0/-45/0/90),]s (specimen #3). The size of the specimen was 300 mm x 270 mm x

Table 4.2 Sizes of in-plane waviness in CFRP specimens measured in an X-ray CT test
or from an optical image

Specimen Layer Amplitude [mm] Length [mm] Angle [deg.]
#1 1 1.25 19.9 8.4
#2 1 0.81 14.0 6.9
3 2.75 16.0 24.9
7 1.48 10.6 21.8
9 1.66 10.8 20.6
#3 1 1.23 12.3 13.8
3 0.99 13.4 10.0
5 1.56 13.4 16.2
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4.8 mm. Specimen #3 was fabricated from the same prepreg as specimen #2. The
method used to induce artificial in-plane waviness was the same as that used for
specimen #2. In-plane waviness was induced at three depths. Fig. 4.10 (c) shows that
in-plane waviness were located in the first, third and fifth 0° layers from the top surface.

The sizes of the in-plane waviness measured by X-ray CT are given in Table 4.2.

4.3.2 Experimental setup

Experiments of the estimation of the waviness size were performed for the three
specimens in Fig. 4.10. Fig. 4.11 shows the experimental setup of the eddy current
imaging method. A vertical rectangular driver coil was fixed above the tested CFRP
specimen with a lift-off of 10 mm. The length, width and height of the driver coil were
30, 10 and 2 mm, respectively. The driver coil was longer than waviness length so that
the eddy current flows over the waviness zone. The driver coil was turned with
enameled copper wire with a diameter of 0.16 mm, and the number of turns was 10. The
driver coil was directed in the 0° fiber direction because in-plane waviness were located
in 0° layers for all three specimens in Fig. 4.10. A pickup coil was used to measure the
distribution of the z directional magnetic field at the CFRP surface under the driver coil.

Cantilever
Driver coil (fixed) % V LCR meter

Eddy current

—
' Impedance Z=V/I
(30mA, 1MHz)

Pickup coil (scanned at 0.25 mm intervals)

Fig. 4.11 Experimental setup for eddy current imaging. The vertical rectangular driver
coil is excited above the waviness zone. The pickup coil scans the CFRP sample under
the driver coil to obtain the magnetic field distribution at the surface of the CFRP.
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The pickup coil was a 60-turn circular coil with an inner diameter of 0.5 mm. It was
turned by enameled copper wire with a diameter of 40 um. The pickup coil was attached
to the tip of a cantilever made from 0.5 mm thick glass fiber reinforced plastic (GFRP).
Because the GFRP cantilever is flexible, the pickup coil could scan such that it was in
contact with the CFRP surface. A 30 mA, 1 MHz sinusoidal current was applied to the
driver coil by an LCR meter (HIOKI E. E. CORPORATION, IM3536). The output
voltage of the pickup coil was measured by the LCR meter, and the pickup coil
impedance was calculated as the output voltage divided by the drive current. The pickup
coil scanned a 30 mm x 30 mm area under the driver coil at 0.25 mm intervals.

The purpose of this experiment was to obtain the Im(H,) distribution shown in Figs.
4.4-4.7 and to estimate the shape and size of in-plane waviness from the Im(H,) = 0 line.
However, a circular pickup coil does not measure a magnetic field at a point but
measures a magnetic field averaged over the circular area. Now we introduce a spatial
frequency analysis technique to convert the measured pickup coil impedance Z(x, y) to
the magnetic field at the measurement point H(x, y). The impedance of the pickup coil is

written as Eq. (4.8) [4.12]-[4.13].
Z(x,y)= —j‘;’N [ [ cx=x,y-y)B, (x,y)dxdy (4.8)

Here, w is the angular drive frequency, N is number of turns of the pickup coil, I is the
drive current and j is the imaginary unit. B, is the z directional component of the
magnetic flux density and C is a step function that depends on the shape of the pickup

coil. For a pickup coil with a radius a, C is expressed as Eq. (4.9).

_JL WX+ <a) (4.9)
Cix.y) {O (Vx*+y?>a)

By taking the real part of Eq. (4.8), we obtain Eq. (4.10).
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Re(2)1 0 po . . v -

#:J._ J._ C(x—x"y—y)Im(B, (x',y"))dx'dy (4.10)
N o0 J-o0

The right side of Eq. (4.10) is a convolution of C and Im(B,). Applying the convolution

theorem, the two-dimensional Fourier transform of Eq. (4.10) can be expressed as Eq.

(4.12).
L z, (K, k,) = c(k, k)b (K, k,) (4.11)
wN

Here, z,, ¢ and b; are the two-dimensional Fourier transform of Re(Z), C and Im(B,),
respectively. ky and ky are spatial frequencies in x and y directions. Eq. (4.11) shows that
c is a spatial frequency filter function applied to the Fourier transform of magnetic flux

density b;. ¢ can be analytically derived and expressed as Eq. (4.12).

(kK J,(2ma ki + k7 )a
c(k,.k,) =
JkZ+k? (4.12)

Ji is a first-order Bessel function of the first kind. When the pickup coil radius a is 0.25

mm, c is the spatial frequency domain filter shown in Fig. 4.12. Both sides of Eq. (4.11)
are divided by c and the inverse Fourier transform is applied to obtain Im(B;). A

problem may arise because there are spatial frequencies that make the value of ¢ zero. A
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Fig. 4.12 Spatial frequency filter applied to the magnetic field distribution when the
radius of the pickup coil a is 0.25 mm.
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zero value of ¢ means that some spatial frequencies cannot be reconstructed from
measurement data. Because the first zero of Ji(x) is at x = 3.83, this problem can be
avoided if the spatial frequencies contributing to the formation of the magnetic field
distribution are much lower than the spatial frequency that makes the input value of J;
in Eqg. (4.12) equal to 3.83 [4.12]. The Im(B;) distribution can be reconstructed using the
algorithms described above. Im(H;) can be calculated by dividing Im(B;) by magnetic

permeability in a vacuum s (=1.26x10° H/m).

4.4 Results and discussion
4.4.1 Cross-ply laminate [0/90/0]

Fig. 4.13 shows the result of eddy current imaging for the waviness zone of the
three-layer cross-ply specimen with the stacking sequence [0/90/0] (specimen #1). The

Im(H,) distribution calculated using the above mentioned algorithms is displayed in Fig.
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Fig. 4.13 Distribution of the imaginary part of H, obtained for the three-layer cross-ply
specimen (specimen #1). No window function is applied in the spatial frequency
domain prior to the inverse Fourier transform. The displayed area is a 30 mm x 30 mm
region in the surface waviness zone.
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4.13. It is seen that there is large high spatial frequency noise in the obtained image, and
that the Im(H;) = 0 line cannot be recognized. This is because of the noise included in
the measured pickup coil impedance, which is not considered in Eq. (4.11).
Electromagnetic interference noise in the measured impedance is dominant at high
spatial frequencies [4.12]. Because function ¢ in Fig. 4.12 has a smaller value at higher
spatial frequencies, dividing the Fourier transform of the measured impedance by c
amplifies the high spatial frequency noise in the Im(H,) distribution. To reduce the high
spatial frequency noise in the Im(H,) image, a Tukey window was applied to the Fourier
transform of the measured impedance in the spatial frequency domain. The Tukey
window is a window function expressed as Eq. (4.13).

1 (W < kmax)

wik, k,) = 1_;(;05(”(“'(*2 +ky2t = Ko ”))],(kw <m<t+kmj (4.13)

2
o,(,/kj+|<y2 zt+kmaxj

kmax and t were empirically determined as kmax = 0.75 mm™* and t = 0.25 mm™*. Fig.

4.14 shows the Tukey window function used for the experimental results. Fig. 4.15

shows the Im(H,) distribution obtained after the implementation of the Tukey window.

Kmax = 0.75 mm?  t=0.25 mm™
1.2
1
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= 02 r
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sqrt (k,2+k,?) [mm1]
Fig. 4.14 Tukey window used in the spatial frequency domain to reduce high spatial
frequency noise in the Im(H,) image.
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The Im(H,) distribution data in Fig. 4.15(a) was interpolated, and the Im(H;) = 0 line
was highlighted as Fig. 4.15(b) shows. It is seen that high spatial frequency noise is
eliminated compared with the case for Fig. 4.13. The Im(H;) = 0 line in Fig. 4.15
corresponds to the shape of the in-plane waviness in specimen #1. The amplitude and
angle of the wavy shape of the Im(H,) = 0 line are 1.08 mm and 7.5°, which agrees well
with the dimensions of fiber waviness in Fig. 4.10(a) (1.25 mm and 8.4°). The reason
why waviness amplitude and angle are slightly underestimated in Im(H,) distribution is
that eddy current is induced not only in the first 0° layer, but also in the third 0° layer. A
comparison of the length of waviness is omitted because it is difficult to recognize the
boundary between the wavy region and non-defective zone. The proposed eddy current

imaging method can accurately estimate the size of surface in-plane waviness.

I
-0.5 0

Im(H,) [A/m] Im(H,) [A/m]
(a) (b)

Fig. 4.15 Im(H,) distribution obtained for a three-layer cross-ply specimen (specimen
#1). A Tukey window was used before the inverse Fourier transform. The displayed area
is a 30 mm x 30 mm region in the surface waviness zone. (a) Im(H,) distribution data.
(b) The interpolated image with a highlighted Im(H,) = 0 line. The lower right window
shows auxiliary lines used for the estimation of the waviness size.

- 128 -



4.4.2 Cross-ply laminate [(0/90)s]s

Fig. 4.16 shows the results of eddy current imaging experiments performed for the
20-layer cross-ply laminate with the stacking sequence [(0/90)s]s (specimen #2). Figs.
4.16(a)—(e) show the Im(H,) distributions obtained at the locations of the non-defective
zone, first layer waviness, third layer waviness, seventh layer waviness and ninth layer
waviness. As shown in Fig. 4.16(a), the Im(H;) = 0 line obtained in non-defective zone
is straight. Because the driver coil was directed in the 0° direction in this experiment,
eddy currents are concentrated only in 0° layers immediately under the driver coil. All
fibers in 0° layers are straight in 0° direction in the non-defective zone, and eddy current
paths are also straight along the carbon fibers. Thus, the z directional magnetic field
immediately under the driver coil becomes zero, which produces a straight Im(H,) = 0
line. Fig. 4.16(b) presents the results of the Im(H;) distribution measurement made at
the location of first layer waviness. A wavy shape of the Im(H;) = 0 line with an
amplitude of 0.73 mm and an angle of 5.9° is obtained. These dimensions are close to
the actual amplitude and angle of the fiber waviness given in Table 4.2 (0.81 mm and
6.9°). Although the amplitude and angle of the Im(H;) = O line agree well with the
actual dimensions of the waviness, the Im(H,) = 0 line underestimates the waviness
amplitude in the same way as for specimen #1. This trend can be seen in the results of
FEM analyses shown in Fig. 4.4. The underestimation of the waviness amplitude is
caused by the magnetic field generated by eddy currents in non-wavy 0° layers inside
the CFRP. Fig. 4.16(c) is the Im(H,) distribution at the location of third layer waviness.
The shape of the waviness can be clearly identified in this image. However, the
estimated waviness amplitude is 1.47 mm. This is approximately 53% of the actual

amplitude given in Table 4.2 (2.75 mm). As shown in the FEM results of Fig. 4.5,
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Fig. 4.16 Im(H,) distributions obtained from the 20-layer cross-ply CFRP specimen
(specimen #2): (a) non-defective zone, (b) first layer waviness, (c) third layer waviness,
(d) seventh layer waviness and (e) ninth layer waviness. The displayed area is a 30 mm
x 30 mm region under the driver coil. Lower-right windows in (b), (c) and (d) show
auxiliary lines used for waviness size estimation.
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estimation of the amplitude of subsurface waviness has large error and the amplitude is
always underestimated. Because of the reduced waviness amplitude in the Im(H,) image,
the estimated angle of the waviness is also smaller than that of the actual waviness.
Although accurate estimation of subsurface waviness is difficult, the presence of
in-plane waviness can be identified using the proposed method. This is of particular
importance in an inspection scenario. For instance, the eddy current probe developed in
Chapter 3 can produce a change in the output signal at in-plane waviness zone; however,
a signal change can be caused also by a variation of electrical properties originating
from material inhomogeneity and lift-off variation. Hence, it is required to know
whether the output signal change is caused by waviness in practical application. If the
wavy shape of the Im(H,) = 0 line is observed in the eddy current imaging, it means that
the eddy current path is deformed and in-plane waviness exists. This is because eddy
current flows along carbon fibers due to large electrical resistivity in transverse and
thickness directions of unidirectional ply. In this way, the presence of waviness can be
clearly recognized by eddy current imaging. Fig. 4.16(d) presents the result for seventh
layer waviness. Because the contribution of 0° layers near the laminate surface to the
Im(H,) distribution is greater, the Im(H;) = 0 line extremely underestimates the
amplitude of the actual waviness. In the case of ninth layer waviness shown in Fig.
4.16(e), the wavy shape of the Im(H;) = O line is no longer recognizable. The results in
Fig. 4.16 indicate that the waviness amplitude is always underestimated, and error in
estimation of the waviness amplitude increases with the depth of the waviness. Thus,
estimation of the waviness size from the Im(H,) = 0 line gives unsafe side evaluation.
Even though it is difficult to accurately estimate the subsurface waviness size, the wavy

shape of the Im(H,) = 0 line is a good indication of the presence of in-plane waviness.
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4.4.3 Laminate with +45° layers [(0/45/0/—45/0/90),]s

Fig. 4.17 shows the results of eddy current imaging for the laminate including £45°
layers (specimen #3). Figs. 4.17(a)—(d) show the results obtained at the locations of the
non-defective zone, first layer waviness, third layer waviness and fifth layer waviness.
Because all waviness were located in the 0° layers, the driver coil was directed in 0°
direction. As shown in Fig. 4.17(a), the Im(H,) = 0 line is straight in the non-defective
zone. However, unlike the case for the cross-ply laminate, the line is slightly inclined
relative to the 0° direction. This inclination of the Im(H,) = 0 line is caused by the
magnetic field from eddy currents in the +45° direction fibers in the second layer. Even
if the driver coil is directed in the 0° direction, eddy currents are not concentrated only
in 0° layers in the case of the laminate with +45° layers. There are eddy currents
flowing in £45° layers, which causes inclination of the Im(H,) = 0 line as shown in Fig.
4.7. Because the +45° layer is closer than —45° layer to the top layer, the Im(H,) =0
line in Fig. 4.17 is inclined relative to the 0° direction in the +45° direction. Fig. 4.17(b)
shows the Im(H,) distribution obtained at the location of first layer waviness. Waviness
of the Im(H,) = 0 line can be observed. If it is assumed that the amplitude of the Im(H,)
= 0 line is a deviation of the Im(H;) = 0 line from the inclined straight line, the
amplitude is estimated to be 1.12 mm. This amplitude is in good agreement with the
actual waviness amplitude given in Table 4.2 (1.23 mm). The angle of the Im(H;) = 0
line is estimated to be 12.4°, and this agrees well with the misalignment angle of the
actual waviness (13.8°). The inclination of the Im(H;) = 0 line can be seen also in the
FEM results of Fig. 4.7. Figs. 4.17(c) and (d) show the eddy current imaging results for
third and fifth layer waviness, respectively. It is found that the visualization of

subsurface waviness in the laminate with +45° layers is possible. The amplitude of the
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waviness estimated from the Im(H;) = 0 line is smaller than the actual amplitude in the
same way as for the cross-ply laminate.

Results obtained from experiments on the three specimens are summarized in Table
4.3. The table compares the waviness sizes estimated by eddy current imaging and those

measured from X-ray CT or an optical image. It was found that the proposed eddy

Im(H,) [A/m]

(b)

Im(H,) [A/m] Im(H,) [A/m]

(© (d)
Fig. 4.17 Im(H,) distributions obtained from a 24-layer CFRP including +45° layers
(specimen #3): (a) non-defective zone, (b) first layer waviness, (c) third layer waviness,
(d) fifth layer waviness. The displayed area is a 30 mm x 30 mm region under the driver
coil. Lower-right windows in (b), (c) and (d) show auxiliary lines used for waviness size
estimation.
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current imaging technique has high accuracy in the estimation of the surface waviness
size. The size of subsurface waviness is underestimated and the error increases as the

waviness is located in a deeper region.

Table 4.3 Comparison of sizes of waviness estimated from eddy current imaging and those
measured from X-ray CT or an optical image

Specimen  Layer Amplitude Angle Amplitude Angle
(eddy current (eddy current  (X-ray CT or optical (X-ray CT or optical
imaging) [mm]  imaging) [deg.] image) [mm] image) [deg.]

#1 1 1.08 7.5 1.25 8.4
#2 1 0.73 5.9 0.81 6.9
3 1.47 15.6 2.75 24.9

7 0.67 6.0 1.48 21.8

9 Not visible 1.66 20.6

#3 1 1.12 124 1.23 13.8
3 0.68 7.7 0.99 10.0

5 0.85 8.8 1.56 16.2

-134 -



4.5 Conclusions of Chapter 4

A new eddy current imaging method for estimating the shape and size of in-plane
fiber waviness in CFRP was proposed. Since eddy current flows along carbon fibers,
in-plane waviness can be visualized by visualizing the eddy current path.
Conventionally, it is possible to identify the path of electric current by measuring the z
directional magnetic field perpendicular to the x-y plane in which the electric current
flows. However, the magnetic field in eddy current testing includes magnetic fields
from both the drive current and eddy current, which makes it difficult to visualize eddy
current from the magnetic field. To eliminate the effect of the magnetic field from the
driver coil, we proposed a new method that measures the magnetic field out-of-phase
with the drive current. By measuring the quadrature component of the magnetic field,
the magnetic field from the eddy current alone can be obtained. The validity of the
proposed method was investigated in FEM analyses. It was found that when the
in-plane waviness is located at the top surface of the CFRP laminate, the Im(H,) = 0 line
is in good agreement with the shape and size of waviness. The numerically calculated
Im(H;) = 0 line produced by subsurface waviness has a smaller amplitude than
simulated waviness, which indicates that the Im(H;) = 0 line underestimates the
amplitude of waviness. This is because of the magnetic field from eddy currents in
non-wavy layers close to the top surface. The results of FEM analysis revealed that the
use of a higher drive frequency is better in estimating the size of surface waviness,
while a lower frequency is better for subsurface waviness.

Experiments on the proposed eddy current imaging were performed for cross-ply
laminates and a laminate including £45° layers. A pickup coil was used as a magnetic

sensor to obtain the two-dimensional distribution of the magnetic field. Spatial
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frequency analysis was introduced to reconstruct the Im(H,) distribution from measured
pickup coil impedance. It was found that the Im(H,) = O line obtained from surface
waviness corresponds well to the shape and size of actual waviness. Surface waviness
with an amplitude of around 1 mm was successfully visualized. The amplitude and
angle of surface waviness could be estimated with error of approximately —10% and —1°,
respectively. However, the amplitude of subsurface waviness estimated from the Im(H,)
= 0 line was smaller than that of actual waviness as predicted in FEM analyses. The
estimated amplitude of waviness in third layer of a [(0/90)s]s laminate was 53% of the
actual amplitude. Error in the angle of the third layer waviness was —9.3°. Experimental
results show that the amplitude of in-plane waviness is underestimated when employing
the proposed method. Thus, the evaluation of waviness size is always on the unsafe side.
In conclusion, the shape and size of surface waviness can be estimated with high
accuracy using the proposed eddy current imaging method, while the size of subsurface
waviness is underestimated. In any case, the presence of waviness can be identified

using the proposed method.
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Chapter 5

Conclusions and future works
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This thesis presented an eddy current technique for detection and size estimation of
fiber waviness in CFRP. Eddy current distributions in CFRPs were investigated by
obtaining analytical solutions and conducting FEM analyses. Findings obtained from
the calculations were used to propose a new eddy current method specialized for
waviness detection. An eddy current imaging technique was also newly developed to

estimate the shape and size of waviness.

In Chapter 2, analytical solutions for eddy current induced by an infinitely long line
drive current were derived. Maxwell’s equations were solved taking the orthotropic
electrical conductivity of unidirectional CFRP into consideration. The differential
equations can be solved when the line drive current is directed in the fiber direction or
transverse direction of the CFRP. The derived solutions indicate that the eddy current
distribution depends only on electrical conductivity in the drive current direction.
Moreover, eddy current is directed only in the direction of the line drive current. The
solution method can be used to derive the eddy current distribution in cross-ply
laminates that are composed of 0° and 90° fiber layers. When the line drive current is
directed in the 0° or 90° direction, eddy currents are concentrated only in the fiber
direction corresponding to the line drive current direction. Subsequently, the penetration
depth of eddy current calculated from the analytical solution was compared with that
calculated from the conventionally used general expression of skin depth. The general
expression is an approximation that postulates that the penetration depth depends only
on the drive frequency and electromagnetic properties of the tested material. However,
the analytical solutions clearly show that the penetration depth depends also on the

width and lift-off of the drive current. It was found that the general expression
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overestimates the penetration depth, and the error becomes larger as the width and

lift-off of the line drive current decrease.

In Chapter 3, an eddy current probe specially designed for the detection of in-plane
waviness was proposed. The probe is composed of a vertical rectangular driver coil and
a rectangular pickup coil that are perpendicular to each other. The advantages of the
proposed probe are its high sensitivity to in-plane waviness and the selectability of the
inspected fiber direction. When the driver coil is directed in one of the fiber directions
of the cross-ply laminate, eddy currents can be concentrated in the fiber direction with
the driver coil direction. Hence, the inspected fiber direction can be chosen by changing
the in-plane probe azimuth. Identification of the wavy fiber direction is of particular
importance because waviness causes degradation of mechanical property in the fiber
direction with the waviness. The selectability can be explained by the analytical
solutions for the eddy current derived in Chapter 2. Additionally, three-dimensional
FEM analyses verified that eddy currents can be concentrated in one fiber direction
under the driver coil. The validity of the probe was experimentally investigated using
cross-ply CFRP specimens with artificially induced in-plane waviness. Experimental
results showed that the proposed probe produces distinct changes in pickup coil output
at the locations of waviness. The minimum misalignment angle of the detected waviness
was 6.9°. A recognizable output signal change was obtained for waviness up to 18
layers from the inspected surface. These results were obtained for a drive frequency up
to 1 MHz, which is much lower than the frequency used in the conventional eddy
current testing of CFRP. Hence, the proposed probe can detect in-plane waviness in

deeper regions. The sensitivity of the proposed probe was compared with that of a
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conventionally used half-transmission probe. The comparative study also showed that
the proposed probe is more sensitive at the same drive frequency. Experiments in which
the probe was directed in the direction perpendicular to the wavy fiber direction did not
show a signal change at waviness zones. This result indicates that the fiber orientation
with waviness can be identified by changing the probe azimuth. The effectiveness of the
probe for a CFRP laminate including £45° layers was also investigated. FEM analyses
showed that it is difficult to distribute eddy currents in one fiber direction in the case of
the laminate with +45° layers. However, the numerical results imply that the proposed
probe is most sensitive to waviness when the probe is directed in the fiber direction with
the waviness. Experimental studies showed that the proposed probe produces a clear
change in the output signal at waviness zones when the probe is directed in the wavy
fiber direction. Meanwhile, a distinct signal change cannot be detected when the probe
azimuth matches other fiber directions. Therefore, the fiber direction with waviness can

be identified even if the tested CFRP includes +45° layers.

In Chapter 4, an eddy current method to visualize in-plane waviness was developed.
Because eddy currents flow along carbon fibers, fiber waviness can be visualized if the
eddy current path is visualized. The eddy current path is visualized using information of
the magnetic field distribution. In the visualization of the eddy current path, the
excitation field generated by the driver coil prevents the measurement of the magnetic
field generated by the eddy current. To solve this problem, a complex plane analysis
method was newly proposed to eliminate the effect of the excitation field. Spatial
frequency analysis was introduced to convert the pickup coil impedance distribution to

the magnetic field distribution. To investigate the validity of the proposed method, FEM
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analyses and experiments were performed for cross-ply laminates and a laminate
including +45° layers. FEM analyses and experiments showed that the proposed method
accurately estimates the size of surface waviness in multidirectional laminates. Errors in
the estimation of the amplitude and misalignment angle of the surface waviness were
approximately —10% and —1°, respectively. Sizes of subsurface waviness were always
underestimated, and the estimation error becomes larger as the depth of subsurface
waviness increases. Although the size estimation of waviness in a deeper region
becomes more difficult, the wavy shape of the visualized eddy current path is an
indication of presence of waviness. Even if change in the output signal is obtained from
the probe proposed in Chapter 3, it does not necessarily indicate that waviness is present.
This is because a signal change can be a result of a variation of conductivity in the
CFRP or a variation of lift-off during scanning. Hence, the visualization technique
proposed in Chapter 4 is needed to confirm whether the signal change is caused by

waviness.

An inspection scenario that adopts the eddy current method described in this thesis is
shown in Fig. 5.1. Fig. 5.1 is an example of an inspection scenario in the case of testing
a cross-ply CFRP laminate. First, the probe proposed in Chapter 3 scans the CFRP in
two ways: 0° scanning and 90° scanning. The probe is directed in the 0° fiber direction
during 0° scanning, and the probe is directed in 90° fiber direction during 90° scanning.
When in-plane waviness is located in the 0° fiber direction, there is a variation in probe
output during 0° scanning. From the results obtained in 0° and 90° scanning, waviness
can be detected and the fiber orientation with that waviness can be identified. The drive

frequency required to achieve the appropriate skin depth can be roughly determined
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from analytical solutions for the eddy current derived in Chapter 2. Second, eddy
current imaging in Chapter 4 is performed at the location where the change in probe
output is obtained. The vertical rectangular driver coil is directed in the fiber direction
with the probe output variation, and is fixed above the CFRP under test. The pickup coil
scans the CFRP surface to obtain the magnetic field distribution. The size of
deformation of the line on which the z directional magnetic field from the eddy current
becomes zero is measured to estimate the waviness size. In this procedure, the presence

of waviness can be confirmed and the size of waviness can be estimated.

Although eddy current techniques described in this thesis can detect and visualize
in-plane waviness, problems remain for industrial application.

Even if there is a recognizable signal change of the eddy current probe during
scanning, we cannot conclude that the location is a waviness zone. A slight signal
change can be easily caused by a variation of the electrical property in the CFRP even at
the non-defective zone. Hence, it is necessary to define a clear border between an
acceptable signal change and unacceptable signal change. Generally, a threshold of the
output signal change is set to define the border. The threshold can be determined by the
output signal change caused by an unacceptable size of defect. Investigation of the
signal change produced by a predefined size of waviness in a reference specimen can
allow users to determine the threshold. If the threshold is determined from a signal
change caused by waviness in the bottom layer of the reference specimen, safe side
evaluation may become possible.

In the waviness visualization technique described in this paper, the size of subsurface

waviness is underestimated, which always offers unsafe side evaluation. To solve this
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problem, future works should focus on an eddy current testing method that is able to
identify the defect depth. If the depth of in-plane waviness can be identified, the
visualized waviness size can be corrected using the FEM results and the waviness size
can be more accurately estimated. Despite the drive frequency dependence of the
penetration depth, it remains difficult to accurately identify the defect depth. No study
has reported a method to accurately identify the defect depth in CFRP. Therefore, a
technique to identify the defect depth is required to accurately estimate the size of

subsurface waviness size.
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Fig. 5.1 Scenario of eddy current testing for in-plane fiber waviness in CFRP described
in this thesis.
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