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Abstract: Carbon fiber composite are used in various fields for its good properties, such as high strength-
to-weight ratio and rigidity. In order to obtain high reliability of the composite, non-destructive detections
are undertaken during fabrication and in application. An eddy current sensor was used to inspect defects in
carbon fiber composite plates. The defects were drilled holes in various diameters through or not through
the plates. Measurement data were analyzed to identify the positions and basic properties of the defects.
Results has shown that less than 1 mm holes in diameter can be identified using a commercial 8 mm sensor
for displacement measurement. Suggestions of further work were given.
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1. Introduction

Eddy current is one of the important non-destructive detection technologies [1], [2]. According to
electromagnetic theory, eddy current in metal parts near a coil with alternating excitation will induced an
additional field, which in turn affects the coil impedance. This phenomenon can be used to sense parameter
changes of the metal part, including surface shape, conductivity, temperature etc. Carbon fiber belongs to
semiconductor [3]. Its composites can also have eddy current effect, though the effect is less strong
compared to situation of metal. Moreover, skin effect of the eddy current in this kind of composite extends
thicker than metal. This makes it possible to detect a plate of a few millimeters. This is an advantage.

This laboratory has been using eddy current sensors for vibration measurement for many years. It is
nature to extend this technology to the composite defect detection when carbon fiber composites show
more advantages in higher strength and flexibility in construction.

The purpose of the work described in this paper is to evaluate the possibility of using eddy current
technology in the defect detection of carbon fiber composites, and to given comments on improvements of
the existing design of the sensors.

2. Principles of the Eddy Current Detection

In Fig. 1, a coil with alternating current (the frequency is normally at around 1 MHz) is placed near a plate
of metal. According to the principle of eddy current, this will induce an eddy current in the plate, which
tends to resist the change of electromagnetic field in the plate. The couple of the two fields make impedance
of the coil changed. This change of impedance relates to physical properties and geometry of the coil and
the plate. So, if there is any defect in the plate, it is possible to detect the defect by measuring the change of
the impedance of the coil.
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For high frequency current, there is ‘skin effect’. The penetrating depth ¢ of the electromagnetic field is
formulated as [1]

5:; (1)
Jrfuo

where fis the frequency (Hz) of the current through the coil, zand othe permittivity (H/m) and conductivity
(S/m) of the plate respectively. From equation (1) we know, ¢ of semiconductor is quite larger than normal
metal. This is shown in our experiment. It is because conductivity o of carbon fiber is much smaller than that
of metal. For a plate of carbon fiber composite, even we can suppose a same permittivity as in vacuum, its

conductivity is anisotropy [4]. One reference gave o as in equation (2), which is a tensor.

detect coil

3 L skin effect

Fig. 1. Eddy current of metal near a coil.
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where o) conductivity of carbon fiber composite in longitudinal direction, o:is in transverse direction, o is
between layers; 6 is the angle of fiber in Cartesian coordinates.

However, in the first step of research, we need not face such a complex equation. The composite plate we
used is in woven pattern, where continuous carbon fibers are woven equally in x and y directions. For an
approximation, isotropy assumption is made here.

3. Experiment

Test installations include an optic table (Zolix Instruments Co. Ltd), DC Voltage Supply (24V), an eddy
current sensor (Rui Shi LtD, 9000XL,5/8mm), a digital voltage meter, and a 3D high precise manual
positional coordinators (Zolix Instruments Co. Ltd).

Samples of carbon fiber composite plates are made by Chang Sheng Fiber Products. The dimensions are
100mmx100mm with thickness of 2mm. Holes of diameters 1mm, 2mm, 3mm are drilled through on each
sample respectively. Other two samples with 3 mm in thickness have holes not through, where one has a
hole of 1 mm in depth, another has a hole of 2 mm in depth. Diameter of the not-through holes is 2 mm.
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Fig. 2. Diagram of test installation.
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Fig. 3. Samples: Above (a) sample without hole (as comparison in test), (b) sample with hole through of
3mm in diameter, (c) sample with hoe through of 2mm in diameter, (d) sample with hole through od 1 mm

sample

in diameter. Bellow: diagraph to show hole through and hole not through.

Measurement was performed around the holes of samples, which was a 20mmx20mm region. With a step
of positional coordinators being less than 2mm, each sample needs more than 121 test points. Voltages of
each test point were measured 3 times. These 3 data were averaged. Matlab was used to process the
measured data and plot the contour maps. For those samples with holes through, these maps are shown in
Fig. 4 (a)-(d). Figure 4(a) is the sample without any hole. There is some variation of measured voltage in this
plate. The value of the variation is within 0.3V. This variation very possibly comes from the uneven pattern
of the carbon fiber. However, the sensor did not sensitive enough to this pattern, so we simply took this
variation as measurement uncertainty. Fig. 4(b)-(d) are the samples with holes through the plates, with
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diameters of 3mm, 2mm and 1mm respectively.
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Fig. 4(b) Voltage contour of 3mm hole (through) in diameter.
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Fig. 4(c) Voltage contour of 2 mm hole (through) in diameter.
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Fig. 4(d) Voltage contour of 1 mm hole (through) in diameter.
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Compared Fig. 4(b)-(d) with Fig. 4(a), it is found that samples with holes could be identified clearly,
because of the hill shape voltage contour maps. These hills showed different heights for the holes of different
diameters. If they were compared each other, it was easy to see which map was for larger holes, and which
was for smaller. However, it was hard to obtain the diameter of the hole from only one map itself.

Further test was done to the samples with holes not through the plates. In the test, eddy current sensor
was place to the back size of the holes’ opening. This meant there was a thickness of plate facing the coil
which was without hole. This situation is more a practical issue, as very often we cannot see defects with
eyes. They occur underneath. It is found that for these two samples, holes (diameter of 2 mm, depths of 1
mm and 2 mm respectively) can also be identified even they are not through the plates. See Fig. 5(a) and (b)
for the contour maps. However, it is also difficult to judge how deep the defect is from the surface. Form the
contour maps, Fig. 5(a) has little difference to Fig. 5(b). But maximum values show the case of 2 mm in depth
(i.e. 1 mm from the surface) is 8.9V, while the case of 1 mm in depth (i.e. 2 mm from the surface) is 7.9V.
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Fig. 5(a) Voltage contour of not through hole ( 2mm in depth, 2Zmm in diameter).
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Fig. 5(b) Voltage contour of not through hole (1mm in depth, 2mm in diameter).

4. Discussions

In Fig. 4(a), the variation of the sensor’s out-put voltage is around 0.3V for plate without any hole,
compared with a base out-put of about 5V on average. As carbon fiber in the plate has patterns, and as the
sensor is very sensitive to distance change (within a few micrometer), this variation has to be considered as
measurement uncertainty. In other word, any defect causes voltage change of less than 0.3V will not be able
to identify in the experiment.

For samples with holes through, minimum peak-valley difference of voltage around the holes is 0.8V (in
the case of 1mm dimeter hole). We tried to use all the data with various diameters of holes to extrapolate the

minimum defect to identify, or the resolution for the sensor:
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U =1.25d -0.5667, R?=0.9745 (3)

From equation (3) and with 0.3V of the variation plate we tested, it is predicted that the smallest hole the
sensor is able to defect is about 0.7mm in diameter. It seems reasonable, for hole of 1 mm in diameter can be
identified clearly (see Fig. 4(d) for its contour map).

The next thing is to reduce the minimum diameter of holes we can detect, by decreasing the diameter of
the detect coil. Now with coil diameter of 8mm, the resolution is about 1/10 of the coil diameter. If we use
smaller coils, can we still obtain 1/10 resolution of the coil diameter? This will be done in further work.
However, because of carbon fiber pattern in composite plate, smaller coil may cause large fluctuation when
the sensor is traveling through the normal plate. This makes it harder to identify smaller defect. Other design
of the coil may improve the resolution [5]-[7].

Another interesting issue is how deep a defect can be found if it is underneath. In another paper [8], we
studied the relation of the current frequency in the coil to penetrating depth in the ‘skin effect’. It is found
that reducing the frequency from 2.5MHz to 0.8MHz, the penetrating depth in carbon fiber composite plate
increased to about 2 times, which reached to more than 3mm. This does not happen in metals, where high
conductivity makes the penetrating depth being less than 0.1mm for those frequencies. The dependence of
penetrating depth on coil frequency in carbon fiber composite is an advantage for eddy current detecting.

5. Conclusion

We try to use eddy current sensor to detect the defect in carbon fiber composite plate. The sensor is
originally used for displacement measurement for metal part. Experiments on composite plate samples with
holes of various diameters (through or not through) show the possibility of the method. Holes as small as
less than 1mm in diameter can be detected with the sensor of 8mm in diameter. Also, the eddy current is
able to penetrate 2 mm under plate surface to detect a hole of 2 mm in diameter. Resolution limit of the
existing design is discussed. Further work will be on more experiment using various diameters of coils and
searching for new design of the sensor.
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