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Abstract: A large number of carbon fiber reinforced polymers have been applied to aircraft and
automobiles, and many nondestructive testing methods have been studied to detect their defects.
Eddy current magneto-optical imaging nondestructive testing technology has been widely used
in the detection of metal materials such as aircraft skin, but it usually requires a large excitation
current and, at present, can only detect metal materials with high conductivity. In order to take full
advantage of the innate benefits and efficiency of eddy current magneto-optic imaging and enable
it to detect defects in carbon fiber reinforced polymers with weak conductivity, it is necessary to
improve the magnetic field response of the eddy current magneto-optic imaging system and explore
suitable excitation and detection methods. The scanning eddy current magneto-optical imaging
nondestructive testing device built in this study has improved the magnetic field response of the
system, and the eddy current magneto-optical phase imaging testing method has been proposed to
detect the crack defects of carbon fiber reinforced polymers. The effectiveness of the method has been
verified by simulation and experiment.

Keywords: carbon fiber reinforced polymer; eddy current; magneto-optical imaging; nondestructive
testing; phase imaging; defect detection

1. Introduction

Carbon fiber reinforced polymer (CFRP) materials are widely used in aerospace, automo-
tive and other industries because of their excellent properties. In application, due to various
factors such as overuse and impact, CFRPs can present with various types of defects, which
not only greatly affect the performance of products but also may cause fatal safety hazards.
Especially in applications such as the automotive and aviation industries, timely and effective
nondestructive testing and identification of defects are of great importance [1-4]. A variety
of nondestructive testing (NDT) methods (ultrasonic, radiographic, thermal imaging, eddy
current, etc.) have been widely used in these industries to detect the defects of CFRPs to
ensure the quality and safe use of the product [5-10]. In the current applications, there are
many existing nondestructive testing methods, but they all have different types of shortcom-
ings. For example, ultrasonic testing requires high surface smoothness of the test piece and
requires the use of coupling agents to fill in gaps [11]; Radiographic testing is harmful to the
human body and can only be conducted in two directions, making it inconvenient to use [12];
infrared thermal imaging testing is affected by the thermal emissivity of the surface of the test
piece and is easily affected by the environment, with low sensitivity for detecting internal
defects [13]; and traditional coil-based eddy current testing methods have low mechanical
scanning efficiency, limited spatial resolution due to coil size, and vibration noise [14]. Due to
the applicable limitations of the above methods, this article aims to explore a new detection
method that can make up for the above shortcomings. This nondestructive testing method
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based on ECMO is a non-contact, one-way testing method that is not harmful and is not
affected by surface conditions, has high detection efficiency, and has a high spatial resolution.
From the perspective of testing methods, it is an innovation. At present, most NDT methods
are developing towards visualization, as in Ref. [15], which can show defects more visually.
The research results can also be used in the field of computer vision.

EC testing [16] is an electromagnetic detection method that is usually suitable for
detecting defects that cause changes in the electromagnetic properties of the tested materials.
For CFRPs, cracks (fiber fractures), misalignment, wrinkling and uneven clearance, impact
damage and delamination, and other defects can all be detected by the EC method [17]. The
German Fraunhofer Institute for Nondestructive Testing (IZFP) uses array EC probes and
multi-frequency EC to detect defects in CFRPs and achieves great results [18]. Reference [19]
introduces the small signal extraction method by using lock-in amplification, which is used
to realize the imaging of CFRPs with medium-frequency EC (150 kHz and 250 kHz) and
successfully detect defects such as cracks and impact damage. However, EC coil detection is
limited by the size of the coil, the sensitivity of the coil at low frequencies is not high either,
the detection depth may be affected by the skin effect at medium and high frequencies,
and the impedance characteristics of the coil are usually considered in addition to the
electromagnetic characteristics of the test piece. There are several studies about using the
superconducting quantum interference detector (SQUID) EC method to detect multiple
defects in CFRP materials at lower frequencies [20]. However, SQUID requires refrigeration
equipment, which is difficult to miniaturize and expensive.

Magneto-optical (MO) detection and imaging can detect alternating magnetic fields
in a certain area. Eddy current magneto-optical (ECMO) imaging was first used to detect
aircraft skin defects, and the following Refs. [21,22] further developed and improved the
ECMO imaging nondestructive testing system. However, most ECMO imaging NDT
systems based on the Faraday effect have low response to magnetic fields, mT is the normal
level that can be reached, and only a few studies can reach less than the mT level [23].
Therefore, the EC excitation usually requires a large excitation current of one ampere or
even a hundred amperes [24]. This may cause additional interference with other electronic
devices and affect the promotion and application of ECMO imaging NDTs. Refs. [25,26]
specialize in the magnetic responsivity and frequency range of MO detection, which can
reach the levels of nT, pT, or even dozens of fT and have a wide frequency response range.
However, most ECMO imaging NDT systems are not responsive enough to magnetic
fields. This is mainly because in the high-sensitivity test, photodetectors are used for point
detection, followed by filtering and amplification processes, which can obtain a higher
signal-to-noise ratio so that weak magnetic field signals can also be identified. In real
ECMO testing applications, in order to improve the efficiency of detection, cameras are
primarily used for imaging. It is difficult to achieve point detection sensitivity due to
camera bit limit and noise. In particular, traditional ECMO detection, considering the skin
effect of ECs [27], requires a large excitation current and a lower excitation frequency when
detecting metal materials, usually within 100 kHz [28], and neither the high magnetic field
resolution ability of MO detection nor its wide frequency response range can be adopted.

In order to overcome the shortcomings of traditional ECMO imaging to it can be applied
to the defect detection of CFRPs with weak conductivity, the magnetic field response of a
traditional ECMO system is improved by point detection, lock-in amplification, and scanning
imaging. The crack defects of weakly conductive CFRPs are detected with higher excitation
frequency and smaller excitation current, and the relevant influencing factors are analyzed.
(TmBi)3 (FeGa)s Oq; film is used as an MO sensor [29], and a reflective MO detection system is
built, which uses a photodetector for detection, a lock-in amplifier to amplify the detection
signal, and high-precision two-dimensional scanning for MO imaging.
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2. Eddy Current Magneto-Optical Imaging System Settings
2.1. The Principle of Magneto-Optical Imaging Based on the Faraday Effect

The Faraday effect [30-32] is when a beam of linearly polarized light passes through
the MO medium and the polarization direction of the linearly polarized light is rotated due
to the influence of the magnetic field in the propagation direction. The rotation angle is
shown as

f =VBL (1)

where V is the Verdet constant reflecting the rotation performance of the MO medium, B is
the corresponding magnetic induction intensity, and L is the distance of light propagation
in the MO medium. MO detection and imaging are realized by using a medium with a
strong Faraday effect as the sensor and combining the optical path as shown in Figure 1.
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Figure 1. Principle of the magneto-optical detection and imaging system.

The collimated light from the light source becomes linearly polarized after passing
through the polarizer. The polarization direction of this light beam is rotated by the
Faraday effect through the MO medium, which changes the light intensity reaching the
photodetector through the analyzer. The specific relationship is shown in Malus’ law:

I =Iycos*(x —B) 2)

where « is the angle between the light transmission direction of the polarizer and the
analyzer, I is the incident light intensity to the analyzer, {3 is the Faraday rotation angle,
and [ is the light intensity to the detector. With a linear MO sensor [21], {3 is linear with the
change of magnetic induction magnitude B in the detection range. When o is 45 degrees
and (3 is around 0 degrees, the maximum light intensity occurs, and Formula (2) can be
transformed into I = 170 (1+sin2p). When B is small, based on the Taylor expansion of the
sin function, the above formula can be approximated as I ~ 170 (1+2VBL). This rate of
change is influenced by the cos square term, hypothesis o« — 3 = x. Taking the derivative of
cos2x, it is found that the absolute value of —sin2x is 1 when x = 45 degrees, and it is the
maximum value at this time. When x changes slightly, its derivative changes very little.
For example, when x changes by 1 degree, its absolute derivative value changes from 1 to
0.9994. At the same time, the magnetic field measured in this experiment is relatively weak,
(3. The variation of the magnetic field is usually within 1 degree, so it can be approximated
that the magnetic field changes linearly with light intensity.

2.2. Eddy Current Magneto-Optical Defect Detection System

The scanning ECMO imaging defect detection system with a small excitation current
and high magnetic field responsivity is built; the system settings are shown in Figure 2. The
collimated probe beam is generated by the 2 mW He-Ne laser incident to the polarizer after
passing through the optical isolator, and the light polarization direction of the polarizer is set
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at a 90-degree angle with the analyzer. The nonpolarized beam splitter (NPBS) does not affect
the polarization state of the light but only changes the transmission direction of the light. The
linearly polarized light from the polarizer passes through the NPBS and is then converged by
the Plano convex lens and incident on the sensor. The signal processing system provides an
excitation signal of 1 mHz to 1 MHZz to the excitation coil. The sample under the excitation
coil generates EC. The presence of defects in the sample will affect the distribution of EC,
resulting in different secondary magnetic fields, which are superimposed with the excitation
magnetic field. The superimposed magnetic field affected by the defect is detected by the
MO sensor. An electromagnet or permanent magnet is used to provide a bias magnetic field.
When there is no external excitation magnetic field, the probe light passes through the sensor
and is reflected by the reflective layer, and it rotates towards 45 degrees under the effect of
the bias magnetic field. The 90-degree polarizer and analyzer angle setting can eliminate
the influence of reflected light on the sensor surface, and the rotation caused by the bias
magnetic field puts the magnetic field detection in a highly sensitive response range. (TmBi)3
(FeGa)s Oy film is grown on a 0.5 mm-thick Gadolinium Gallium Garnet (GGG) substrate by
the liquid phase epitaxy method, and the germanium coating is used as a reflective layer to
reflect back the probe light. When passing through the sensor, the polarization direction of
the probe light will rotate under the influence of the magnetic field in the vertical sample
direction. The reflected light will return to NPBS and be reflected horizontally and land on
the analyzer. The light intensity through the analyzer is converted into an electrical signal by
the photodetector. The lock-in amplifier filters and amplifies the detected electrical signals.
The imaging and signal process system controls the 2D moving platform to move the sample
and reads the output of the lock-in amplifier for imaging.

1.He-Ne laser

2.0ptical isolator

| BRI, R 11.Lens?

3.Polarizer

—— 10.Analyzer
4 NPBS

13.Lock-in
Amplifier

T

12.Photo detector .~

5.Lensl

S

- —
| Sam,

14.Image
" |process system|

'y

15.2D-Moving platform
9.Magnet ‘
[ | s

Figure 2. The experiment setup.

3. Eddy Current Magneto-Optical Imaging Theoretical Analysis and Simulation of
Carbon Fiber Reinforced Polymer Cracks

3.1. Carbon Fiber Reinforced Polymer Electromagnetic Model

CFRPs are made of a multi-layer fiber bundle in a parallel arrangement lying in a
certain angle arrangement or a fiber woven cloth preform, through a certain processing
technology with resin material fixed molding. Its conductivity is mainly determined by
the conductivity of the fiber direction and the contact between the fibers. The complexity
of fiber distribution results in complex anisotropic conductive characteristics. To simplify
this complexity, the conductivity characteristics of CFRPs are often represented by uniform
anisotropic conductivity tensors when studied digitally.

The o in (3) below is the conductivity tensor, where oy, is the conductivity in the carbon
fiber direction, ot is the conductivity in the vertical carbon fiber direction in the carbon
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fiber layup, oy is the conductivity in the vertical ply direction, and 0 is the angle between
the carbon fiber direction and the main direction axis in the ply plane.

0Lcos?0 +orsin?@ 1 (op —or)sin(20) 0
o= %(O'L — o7)sin(20) o7 sin?6 + o cos?f 0 3)
0 0 oy

Different fiber bundles and different processing methods used to make CFRPs have
different conductivity. The following experiments study the common 3 K plain-woven
carbon fiber plate. Although there are gaps between the fiber bundles, relative to the
larger crack defects, they can be ignored. Therefore, in order to simplify the model, the
conductivity of the fiber bundle can be considered uniform in the horizontal plane.

The system of Maxwell’s equations and the current continuity equation can be obtained
by the A, V-A control equations in (4)—(6), where A is the magnetic vector potential vector,
V is the potential scalar, Js is the excitation current density, (); is the conductive region, and
(), is the non-conductive region.

inVxA%—jwaA—F oVV =0 () 4)
V -(jwecA + oVV) =0 () )
v x ;VXAZIs(Qz) ©)

3.2. Detection of Crack Defects

The AC/DC module of COMSOL Multiphysics 5.5 was used to perform finite element
simulation on the woven carbon fiber plate. The purpose is to study the effect of crack
defects on the surface vertical magnetic field of the sample under EC excitation. The
schematic diagram of the simulation model is shown in Figure 3. During measurement, the
magneto-optical sensor is placed parallel to the test piece, and the probe light is vertically
incident on the magneto-optical sensor. Its Faraday rotation angle is only affected by the
magnetic field perpendicular to the surface of the test piece. The sample size is 100 mm
long, 100 mm wide, and 2 mm thick, and the size of the sample defect is 10 mm long,
0.4 mm wide, and 2 mm deep. The detection point is 5 mm next to the excitation coil center
point. Since the magnetic field at the detection point is mainly affected by the EC between
the center of the coil and the detection point, the simulation takes the middle point of these
two points to represent the position point of the detection device. We made the lower left
corner of the specimen surface the coordinate origin (0, 0, 0), and the coil lifting distance is
0.5 mm. The coil moves from 32.5 mm to 67.5 mm in steps of 1 mm. The coil has 1 mm inner
diameter, 2.6 mm outer diameter, 0.8 mm height, 0.05 mm wire diameter, and 140 turns;
excitation signal frequency set to 100 kHz, 300 kHz, 600 kHz, and 1 MHz; and current set to
30 mA. Due to the simplification of the distribution of electrical conductivity in the braided
structure, the conductivity tensor in Equation (3) above can be simplified into a diagonal
form, with the value on the main diagonal set to (10,000, 10,000, 100) S/m.

The first step is to simulate with a non-defective sample before defect scanning and
obtain the corresponding reference value to normalize the scanning results. Next, the
excitation coil is placed on the position (50, 50, 0.5) above the sample without defects.
Figure 4 shows the line scan of the phase of the magnetic induction intensity Bz in a vertical
direction at z = 0.5, y = 50, and x from 30 to 70. The phase of the vertical magnetic field
in the area near the coil on the outside of the coil is affected by the eddy current and first
becomes larger and then smaller. Some EC magnetic testing methods are used to detect
the change of the superimposed magnetic field inside the excitation coil [20]. Only the
superimposed magnetic field outside the excitation coil is considered here. The magnitude
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of the excitation magnetic field outside the coil is several orders of magnitude smaller than
the magnitude of the excitation magnetic field inside the coil, but the difference in the
magnitude of the eddy current is not large, so the superimposed magnetic field outside the
coil is more affected by the EC [20].

Light
Sesor

Coil

100mm

Figure 3. Schematic diagram of the simulation model.
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_25 i i i i i i i
30 35 40 45 50 55 60 65 70
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Figure 4. The Bz phase of a normal sample.

When performing line scanning according to Figure 3, the distribution of EC in the
sample is shown in Figure 5. In the figure, blue is the excitation current and red is the
EC. When the excitation coil approaches the defect, the EC at the edge of the defect will
increase, with the distribution shown in Figure 5a. When the excitation coil moves on the
defect, the EC distribution is shown in Figure 5b. At this point, the magnetic field direction
of the EC at the detection point is opposite that of Figure 5a. The eddy current distribution
when the excitation coil continues to move to the edge of the defect is shown in Figure 5c.
At this point, the magnetic field direction generated by the EC at the detection position is
consistent with that in Figure 5a, but the extended EC will have a certain counteraction
effect, so the impact should be less than that in Figure 5a. There are EC magnetic fields in
opposite directions and exciting magnetic fields in the same direction at different positions
during scanning, which makes the effect of the EC magnetic fields on the phase of the
superimposed magnetic fields opposite. The EC magnetic field at the edge of the defect acts
as an obstacle to the change of the excitation magnetic field, and the phase lags behind the
excitation magnetic field. The superposition with the excitation magnetic field will make
the superimposed magnetic field phase lag behind the excitation magnetic field; that is,
the detected magnetic field phase becomes smaller. In the middle of the defect, due to the
opposite direction of the EC magnetic field, it is equivalent to a 180-degree transformation
of the phase. At this point, the phase is ahead of the excitation magnetic field, so the
magnetic field phase after superposition becomes larger.
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Figure 5. Distribution of the eddy current induced by the excitation coil. (a) Coil approaches the
crack, (b) coil moves on the crack, and (c) coil leaves the crack.

Figure 6 is the phase of the vertical magnetic field relative to the scanning position.
The data is normalized with the corresponding data without defects. The figure shows
that when the detection device approaches the defect, the phase first decreases; when it
is on the defect, the phase increases to the maximum; and when it is to leave the defect,
it decreases again, which is consistent with the change law of EC distribution previously
analyzed. There is no obvious change rule identified from the amplitude change, so it is
not shown here. The above results are consistent with the results in Ref. [33] that phase
detection based on eddy currents is more sensitive than amplitude detection. In actual
ECMO detection, defects can be detected and imaged according to the magnetic field phase.

20
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g 10 —o— 100KHz
AL
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©® 5
=
o
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3 = N
Z .5 Crack -
-10
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Position X {mm)
Figure 6. The line scan result of the normalized Bz phase.

Figure 7a,b are the phase results of line scanning when the detection point is 4 mm
and 6 mm away from the center of the excitation coil, respectively. The figure shows
that different detection positions have a significant impact on the results’ value, but the
basic change law is the same. The farther away from the excitation source, the smaller
the excitation magnetic field and the more obvious the phase change of the superimposed
magnetic field affected by the eddy current magnetic field.
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Figure 7. The normalized Bz phase by the line scan with different measuring distances: (a) 4 mm and
(b) 6 mm.

4. Experimental Verification of Eddy Current Magneto-Optical Phase Imaging of CFRP
Crack Defects

4.1. Line Scan Detection

The experimental sample is a 100 mm long, 100 mm wide, and 2 mm thick T300 woven
carbon fiber board, which is processed with a crack about 7 mm long, 1 mm wide, and 2 mm
deep. Figure 8 shows the test results using the line scanning method analyzed above. In the
experiment, 300 kHz 30 mA, 600 kHz 15 mA, and 900 kHz 10 mA excitation signals were used,
respectively. The results show that the change law of the magnetic field phase is consistent
with the simulation results, and only a small excitation current is required when the frequency
is increased. As shown in Figure 8, two black vertical dashed lines indicate both ends of the
defect. When the detection mechanism is far from the defect, the detected magnetic field
phase is relatively stable. As the detection mechanism gradually approaches the defect, the
detected magnetic field phase begins to decrease and then increases. When the detection
mechanism reaches the left edge of the defect, the detected magnetic field phase shows a rapid
increase trend. When the detection mechanism reaches the center of the defect, the detection
value reaches its peak. Then, as the detection mechanism moves away from the center of the
defect to the right of the defect, the magnetic field phase begins to decrease rapidly. When the
detection mechanism leaves the right edge of the defect, the detected magnetic field phase
still maintains a certain downward trend, followed by an upward trend. When the detection
mechanism gradually moves away from the defect, it returns to a stable state. This series of
phenomena reflects the rationality of the experimental process.
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Figure 8. The normalized Bz phase by line scan.
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4.2. Line Scan Detection

Figure 9a is a phase image of the above experimental sample scanned with a 600 kHz,
30 mA excitation signal. The red box marked in the figure is the actual position of the
defect. As with line scanning, the magnetic field phase in the middle of the defect is larger,
and the magnetic field phase on both sides of the defect is smaller. The length of the defect
can be roughly determined from the figure, but the width is wider than the actual defect.
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(b)

Figure 9. The c scan Bz phase images: (a) approximately 7 mm long surface crack, (b) approximately
10 mm long back crack.

Considering that this is the first time using the ECMO method to detect CFRP materials,
the size selection should be large, combined with laboratory processing conditions, so a
crack defect about 10 mm long, 1 mm wide, and 1 mm deep is machined on the back of the
sample with the same size as in the above experiment.

Figure 9b is the c-scan phase image of the defect area under the excitation signal of
600 kHz and 30 mA. The internal defect can also be detected from the results, but the phase
change is smaller than for the surface defect.

From these two actual inspection images, it can be seen that the imaging law of
detecting CFRP material defects using the ECMO method is consistent with the previous
simulation analysis results. At the same time, the edge of the defect can be roughly
determined. In addition, subsequent algorithms can be used to reconstruct defects.

5. Conclusions

A method based on eddy current magneto-optical (ECMO) phase imaging to detect
cracks in weakly conductive carbon fiber materials is proposed. Compared with the
traditional ECMO imaging system, the established scanning ECMO imaging nondestructive
detection system greatly improves the magnetic field response and has lower excitation
current and higher excitation frequency. The experimental results show that the system can
effectively detect the cracks of woven carbon fiber boards.
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