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Abstract: When manufacturing fiber-reinforced composites, it is possible to improve the quality of
fiber steel fire and reduce the number of cracks in the finished product if it is possible to quickly
identify the defects of the fiber tow. Therefore, in this study, we developed a method to identify the
condition of carbon fiber tow using eddy current test (ECT), which is used to improve the quality
of composite materials. Using the eddy current detection sensor, we checked the impedance results
according to the condition of the CF tow. We found that the materials of the workbench used in the
experiment greatly affected the ECT results, so it is necessary to use a material with a non-conductive
and smooth surface. We evaluated the impedance results of the carbon fiber at 2 mm intervals
using the ECT sensor and summarized the impedance results according to the fiber width direction,
presenting the condition of the section as a constant of variation (CV). If the condition of the carbon
fiber tow was unstable, the deviation of the CV per section was large. In particular, the deviation
of the CV per section was more than 0.15 when the arrangement of the fibers was changed, foreign
substances were formed on the surface of the fibers, and damage occurred in the direction of the fiber
width of more than 4 mm, so it was easy to evaluate the quality on CF tow.

Keywords: carbon fiber; damage detection; Eddy current testing; impedance; evaluation

1. Introduction

As carbon fiber-reinforced plastics (CFRP) gain popularity in transportation and structures,
their long-term reliability focuses on enhancing. In general, metal-based structural materials
have thus far been characterized by non-destructive testing [1,2]. However, since CFRPs are
subject to variations in composition, suitable non-destructive evaluation methods need to be
found and criteria for defects and analytical methods need to be established.

The most commonly used method for non-destructive testing of CFRP is ultrasonic
testing [3]. Ultrasonic testing (UT) is a non-destructive method used to inspect materials,
including composites, for defects [4]. It operates by generating high-frequency sound waves
using a transducer, typically equipped with a piezoelectric crystal that converts electrical
energy into mechanical vibrations. These sound waves are directed into the material,
penetrating its layers and encountering any internal imperfections such as interfaces, voids,
delamination, or cracks. As the ultrasonic waves interact with these defects, some are
reflected back to the transducer, while others continue to propagate. By measuring the time
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it takes for waves to travel to the defect and return, technicians can determine the depth
and size of the flaws [5]. Flaws such as voids, delamination, cracks, or fiber misalignment
are identified and characterized through this analysis [6,7]. The collected data is displayed
on an oscilloscope or digitally recorded for further examination. Technicians interpret
this data to assess the composite material’s condition and determine if it complies with
specified quality and safety standards.

While UT techniques can provide a highly-sensitive and non-destructive assessment
of the health of a structure, they do have some drawbacks [8–10]. Composites are of-
ten anisotropic, meaning their mechanical properties can vary in different directions [11].
The direction of ultrasonic waves and their interaction with composite layers can com-
plicate the interpretation of results. Composite structures can have complex shapes and
curvatures, which can affect the propagation and reception of ultrasonic waves. Specialized
transducers and techniques may be needed to address these challenges. The surface finish
of composite components can impact the quality of UT inspections [12]. Interpreting UT
data for composites requires specialized training and expertise. Technicians must be skilled
in recognizing and characterizing the unique features and indications that can be present
in composite materials. High-quality UT equipment can be expensive, and specialized
transducers and probes may be required for inspecting composite materials, adding to the
overall cost. UT may have limitations in inspecting very thick composite structures due to
the attenuation of ultrasonic waves as they pass through the material [13,14].

To ensure effective transmission of ultrasonic waves into the material, a coupling
medium (e.g., gel, water) is often required. Proper application of this medium is critical
for accurate inspections. To address these challenges, ongoing research and development
efforts are focused on improving UT techniques for composites. This includes the develop-
ment of advanced transducers, signal processing algorithms, and modeling approaches to
enhance the accuracy and reliability of inspections [15].

Although the accuracy of UT is high, it is necessary to perform non-destructive
evaluation (NDE) of composite materials with non-contact methods to increase the ease
of evaluation [16]. In addition, it is necessary to make it easy to investigate the results
obtained by NDE to increase the utilization of NDE for composite materials. For these
reasons, Eddy current detection is currently being studied [17].

Eddy current testing (ECT) relies on the principle of electromagnetic induction.
When an alternating current (AC) passes through a coil or probe, it generates a changing
magnetic field [18]. When this coil or probe is brought close to a conductive material
(such as a metal), Eddy currents are induced in the material. These Eddy currents generate
their own magnetic fields, which interact with the original field created by the coil. The in-
teraction between these fields produces electrical impedance changes in the coil, which
can be measured and analyzed. The resulting impedance differences in the specimen’s
condition can be used to detect damage, cracks, deformation, and more in composites.

ECT can be used to measure the thickness of conductive coatings on composite sur-
faces [19]. For example, if a composite material is coated with a thin layer of conductive
material (e.g., for electromagnetic interference shielding or corrosion protection), ECT can
be used to assess the thickness and uniformity of the coating [20,21]. In some composite
structures, conductive inserts or inclusions may be present, such as metal fasteners or
embedded sensors. ECT can help detect these conductive components and assess their
condition within the composite.

The Eddy current test method is considered to be highly useful for condition iden-
tification of thin materials such as thin carbon fiber reinforced composites, carbon fiber
tows, prepregs, and tow prepregs. In particular, the use of carbon fiber tows, prepregs, CF
tapes, etc., is increasing due to the increasing use of hydrogen containers and pultruded
products [22–24]. If stable intermediate materials are not used in these fields, the stability
of the structure will be greatly reduced. Therefore, a technique that enables non-contact
and high-speed evaluation of the condition of basic materials such as CF tow in a continuous
process is required. Eddy current measurement is applicable to a wide range of materials
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with conductivity. However, it is greatly influenced by the thickness of the sample. In particu-
lar, for composite materials, while non-destructive evaluation is not possible for glass fiber
composites, it is feasible for carbon fiber-reinforced composites that possess conductivity.

CF spread tow, that was measured using ECT in this study, is manufactured by
spreading the fiber tow in the width direction, and has the advantage of reducing the
weight per unit area and the resin impregnation distance. In addition, woven fabric using
the spread tow can reduce the resin rich zone inside the composite material due to the thin
tow thickness. Furthermore, studies have shown that applying the fabric to composite
materials results in limiting cracks under fatigue load and improving fatigue life [25–29].
In terms of product value, carbon fiber spread tow can improve product value due to
its beautiful appearance and can obtain various mechanical properties introduced above,
therefore it is mainly used as a surface layer of composite materials. However, in the
spreading process of CF, damage to the fiber often occurs, and sometimes the fibers are not
spread evenly, causing them to clump together or widen. Therefore, the need for quality
control through uniformity inspection of spread tow is emerging at manufacturing sites.

In the case of carbon fibers, a conductive material in the form of fibers, it is important to
manage the arrangement of the fibers because the degree to which the filament strands are
arranged can cause performance degradation in localized areas. Optical image analysis is a
common method for checking the homogeneity of filaments in carbon fibers and can be used
to analyze the arrangement of filaments on the surface, but it has limitations in analyzing
the presence and density of filaments arranged in the thickness direction. A method for
continuously measuring the homogeneity of carbon fibers with large surface areas is Eddy
current measurement, which utilizes electrical conductivity properties. An Edy current
measurement is used to detect discontinuities in materials that conduct electricity.

In this study, we investigated the Eddy current detection method to evaluate the
homogeneity of CF tows. Differences in impedance results depending on the state of the
CF tow were analyzed. Impedance was measured in the row and column directions at
2 mm intervals on a CF tow with a width of 20 mm and a length of 100 mm, and the
coefficient of variation (CV) results were used to classify the state of the tow. The signal
analysis was checked for differences in the workbench holding the specimen. Ultimately,
we established an evaluation criteria method to identify the condition of CF tow, identified
the most problematic CF tow defect types by Eddy current detection method, and presented
an evaluation method to organize impedance results. We analyzed the tensile results of
individual carbon fiber filaments that constitute CF tow to assess the accuracy of classifying
CF tow defects based on ECT. Consequently, we observed a proportional relationship
between the variation in tensile strength of individual filaments due to CF tow damage
and the defect state identified by ECT. In other words, we were able to determine the state
of the CF tow using the defect information obtained from ECT analysis.

2. Materials and Methods
2.1. Sample Preparation

Carbon fiber (no: T700SC-12000-60E) was obtained from Toray Industries, Inc.
(Seoul, Republic of Korea). The spread tow with a width of 20 mm was prepared us-
ing tow spreading equipment (Harmony Industry Co., Ltd., Tokyo, Japan) based on air
spreading. The spread tow was fixed in shape using a PA binder (model no: PR SK-1)
procured from Tokyo Printing Ink Mfg. Co., Ltd. (Tokyo, Japan). It had an average particle
diameter of 70 µm. Comparison samples were prepared as follows for representative de-
fects that occured during the manufacturing stage of spread tow. CF tows based on damage
status can be classified as follows; First, there is a case of fibers within 1 mm in width
and intra-fiber defects present (assessed as normal), and secondly, there is a case of fibers
larger than 1 mm in width and inter-fiber defects present (poor). Moreover, the presence
of dust, contact by foreign objects on the fiber tow, and separation of fiber and inter-fiber
interfaces may occur rarely in the process. Meanwhile, to confirm the resolution of ECT,
samples were prepared by applying artificial damage. Samples were prepared by reflecting
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the fiber fractured in the horizontal direction and the vertical direction on the spread tow.
Through this, the difference in impedance results was compared according to the damage
direction in a unidirectional fiber specimen (anisotropic material).

2.2. Eddy Current Testing (ECT) System

A 150 mm × 150 mm square workbench was 3D printed using acrylonitrile butadiene
styrene (ABS). The specimen was fixed on the workbench. As shown in Figure 1, we
analyzed the difference between using copper plate, glass, and ABS on the workbench.
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To minimize the lift-off phenomenon that occurs when utilizing Eddy-current detec-
tion sensors, the samples were fixed with PVA solution and dried before testing. The probe
(ECS-03, Megacoil, São Carlos, SP, Brazil) was mounted on a KUKA 6-axis robot arm
(KR 6 R900 sixx, KUKA, Seoul, Republic of Korea) to continuously measure the impedance
of the CF tow and precisely control its position. The condition of the CF tow was measured
at 2 mm intervals, and the impedance results for each section were measured about the
CF tow specimen (size: 20 mm × 100 mm). The data were organized into sections of mm
10 impedance results section per length (width: 20 mm, measured at 2 mm intervals, total
10 sections; length: 100 mm, measured at 2 mm intervals, total 50 sections). Therefore, the
results expressing the condition of the specimen were evaluated using 50 coefficient of
variation (CV) results in the length direction. The CV is a representative statistical measure
expressed as a percentile by multiplying the value obtained by dividing the standard
deviation by the mean by 100. A lower CV indicates a stable result with a small deviation,
while a higher CV signifies a larger deviation. The probe used for the measurements had
a separate excitation coil that generated Eddy currents and a receiver coil that detected
magnetic field signals, allowing high currents to flow. The specification of the half trans-
mission probe is 1 mm radius and 27 MHz frequency. It is known that the longitudinal
electrical conductivity (σL) of unidirectional single layered carbon fiber is 5 × 106 S/m,
and the transverse electrical conductivity (σT) is 1 × 103 S/m, which may vary depending
on the spacing between the filaments according to the fiber volume fraction, the type of
carbon fiber, etc. Therefore, the CF tow specimens used in this experiment, with a thickness
of about 300 µm, were accurately evaluated. A tool-path for the robot was created to
ensure that the probe measurement position was the same for all samples, and that only the
area where the sample was present was measured whenever possible. The Eddy current
detection system was configured and used as shown in Figure 2. Utilizing the impedance
results confirmed by ECT, we calculated CV values for different segments. Based on this,
we categorized the extent of damage in CF tow into four major stages. In cases of fiber
breakage, we further classified the damage into fiber breakage in the fiber’s length direction
and fiber rupture in the width direction. Additionally, we observed variations in cracks and
ECT results based on the extent of separation between fibers and interfaces between fibers.
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2.3. Single Fiber Tensile Test

To characterize the state of the CF tow as evaluated by ECT, we conducted tensile
testing on individual carbon fiber filaments using the ASTM D-3379 standard method [30,31].
The procedure for the tensile testing followed the methods outlined in the reference [32].
We used a paper frame to secure the individual fibers for the tensile experiment. Based on the
ECT analysis, we classified the cracks in the CF tow into four major types: normal CF tow, CF
tow with separation at the fiber interface, CF tow with foreign substances on the surface, and
CF tow with observed fiber breakage. Considering these significant variables, we prepared
ten specimens for the tensile testing of individual fibers. We conducted the experiments using
the LD10 model from Lloid (AMETEK, Inc., Berwyn, PA, USA), maintaining a testing speed
of 1 mm/min. By utilizing the tensile results of individual fibers based on the classification
state of the CF tow, we elucidated the state of the CF tow classified by ECT.

3. Results and Discussion
3.1. Workbench Affects Eddy Current Detection

The results obtained from measuring the workbench using a CV sensing sensor in
Figure 3 have been summarized as follows. In the case of the copper plate, its conductivity
due to copper led to differences in CV values caused by variations in surface or internal
composition [33,34]. As shown in the figure, the difference between the maximum CV
value and the minimum CV value was significantly larger compared to other workbench
materials. ABS material also exhibited the second-largest CV difference. Most of the CV
results were around 0.1, with the glass plate showing the lowest CV variation. However, in
the case of ABS, a polymer material, it could potentially share similar characteristics with
the glass plate. Still, surface roughness. generated as a result of 3D printing manufacturing,
caused variations in CV values across different sections. Therefore, it was confirmed
that using a non-conductive workbench, rather than a conductive one, could enhance the
objectivity of evaluating the state of the CF tow.
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3.2. Eddy Current Detection Results Based on Deformation/Damage Morphology of the CF Tow

As shown in Figure 4, when conducting evaluations using a copper plate as the
workbench, the overall CV results consistently exceeded 0.4. If relatively uniform CV
results are achieved, it can be explained that the condition of CF tow is consistent across
segments. However, when measured using a copper plate, significant variations in CV
were observed, even in cases of a stable tow condition, as seen in Figure 4a, where CV
results exhibited a quadratic trend. In cases where clear cracks were present, as depicted in
Figure 4b, it was observed that the CV average values in those segments increased sharply
compared to segment-wise CV averages. This was attributed to the impedance difference
caused by clear damage to the CF tow layers. However, it was challenging to detect cracks
with a size of less than 4 mm in both width and length. This suggests that using a copper
plate as the workbench may have led to higher baseline CV results.
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CF tow with minimal damage, as shown in Figure 5a, exhibits relatively low CV results.
Although some fiber sections have bends that slightly increase the CV values, overall
stability in the CF tow formation with stable inter-fiber interfaces results in consistent
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CV readings. As seen in Figure 3, under ABS workbench conditions, impedance results
for different segments typically fall within 0.1 or lower. Therefore, a condition similar to
Figure 5a signifies a stable CF tow.
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However, when the fibers were cut lengthwise, as seen in Figure 5b, the width of the
cut segments becomes crucial. The typical configuration of CF tow includes fiber-to-fiber
contact. However, damage that leads to the cutting of CFs and impairment of inter-fiber
interfaces results in increased CV compared to the stable CV of CF tow. In other words, if
segment-wise CV values are compiled, and their average shows an upward trend compared
to the baseline, it indicates damage to the CF tow.

As seen in Figure 5c, where fibers are damaged lengthwise, the width of damage
slightly increases. However, as observed in Figure 4b, when the damaged width remains
within 4 mm, significant CV changes are not observed. Figure 5d represents situations
where damage occurs in two ways: damage along the length of fibers and cutting of fibers
along their width. In such cases, overall higher CV values are noted. In essence, damage to
the width of the fiber greater than 4 mm leads to significant CV changes. Furthermore, CF
tow with damage tends to produce higher CV values compared to the average CV values
of undamaged or stable ABS. These trends in increased CV can be used to assess the extent
of damage to CF tow [35].

Overall, we could not observe a significant increase in CV due to fiber damage in the
fiber length direction of the CF tow. The reason for this is that even if fibers are fractured in
the fiber alignment direction, ECT indicates detection signals at the interface between fibers
rather than when fibers are fractured. However, as shown in Figure 5d, when fiber breakage
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occurs in the fiber width direction or when cracks of more than 4 mm occur in the fiber
width direction, we were able to detect an increased signal compared to the conventional
CV range. In other words, we confirmed that the utilization of ECT for detecting fiber
cracks in CF tow is possible depending on the size of cracks within the fibers. Furthermore,
we confirmed that if fiber damage occurs in the fiber length direction, there is minimal
change in impedance CV values in ECT measurements.

In the current results of the impedance measurement on CF tow, observations reveal
a bent CF tow, as depicted in Figure 6. When only bent sections of CF are present, as
shown in Figure 6a, the overall CV results exhibit a two-dimensional trend. Furthermore,
in cases like Figure 6b, where both the curvature of fibers and the separation between
fibers and fiber interfaces are observed, there is relatively minimal alteration in the CV
results. This is because the effect of inter-fiber interface separation and the curvature of
CF overlap lead to impedance changes. However, these changes are very subtle, with CV
value variations within 0.3. To detect such subtle changes precisely, further research and
enhancement of sensor performance are required. As seen in Figure 5a–c, detecting damage
to the CF tow using ECT requires a high level of precision when there is no change in crack or
fiber alignment of 4 mm or more in the fiber width direction. Furthermore, it was observed
that the deformation of the fiber width direction and fiber alignment of the CF tow could
result in the most significant differences in impedance observed through the CV in the ECT
technique.
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Figure 7 presents the evaluation results of CF tow on a glass working surface. Since glass
is a non-conductive material, it provides a low-impedance working environment. Consequently,
the overall CV results for CF tow exhibited low variation. Similarly, CF tow with minimal
damage, as seen in Figure 7a, showed a low rate of change and less curvature in the trend line.

However, when significant separation occurred between fibers in CF tow, as shown
in Figure 7b, unstable regions were observed, resulting in pronounced curvature in the
overall CV trend line. In cases where fiber damage was minor, such as Figure 7c, there
was a slight CV change due to the damage, but the magnitude of change was minimal.
Figure 7d demonstrates that when fiber discontinuity occurred with a separation of 4 mm
or more, significant changes in the CV signal were observed. In summary, while lengthwise
fiber variations can be detected through the overall CV trend line, the degree of change is
relatively small. On the other hand, when damage occurs in the fiber width direction and
exceeds 4 mm, significant changes in segmental CV can be observed on the graph. Further-
more, these results can be related to the findings from Figure 5d. Figure 5d represents fibers
with a width-wise breakage of more than 4 mm and a relatively large length of 10 mm.
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On the other hand, in the case of Figure 7d, the fibers had a width-wise breakage of more
than 4 mm but were weaker in the fiber length direction. This suggests that the extent of
damage in the fiber width direction influences the CV results in ECT signals. Damage in the
fiber length direction may affect the number of interfacial cracks between fibers, but due to
the greater influence of the fiber alignment angle on ECT, evaluating the fiber arrangement
in CF tow using ECT proves to be the most effective method.
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In summary, the observations from Figure 5d highlight the impact of damage in the
fiber width direction, especially when it exceeds 4 mm, on the ECT signal’s CV results.
Additionally, Figure 7d further emphasizes that damage extending over 4 mm in the fiber
width direction, coupled with lower strength in the fiber length direction, affects the CV
results in ECT. This underscores the significance of evaluating fiber arrangement in CF
tow using ECT, as it is influenced more by the fiber alignment angle than the number of
interfacial cracks between fibers resulting from damage in the fiber length direction.

Figure 8 presents an analysis of the extent of damage observed in CF tow using the
Eddy current probing method. While previous data focused on changes related to the
damage to CF tow itself, Figure 8 emphasizes the impact of foreign substances adhered to
CF tow as indicated by CV values. In the cases of Figure 8a,b, significant CV increases were
observed in specific sections due to CF debris adhered to the CF tow surface, and the extent
of this change could be predicted. Figure 8c was performed on a glass working surface and
showed relatively lower CV values compared to Figure 8a,b, but it still exhibited changes
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in CV results due to foreign substances. In other words, it was confirmed that foreign
substances within CF tow could be detected using the Eddy current probing method.
To distinguish the impact of CF arrangement, Figure 8d presents results from measuring
CF veil, which showed a relatively consistent CV trend. Based on these results, it was
concluded that detecting laminations by individual CF fibers using the Eddy current
sensing method may be challenging. However, it can readily detect cases where some
parts of CF tow are contaminated with foreign substances and exist on the pure CF tow
surface [36–38].
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Figure 9 summarizes the potential states of CF tow that can ultimately occur. In most
cases, conditions similar to Figure 9a,b can be considered as undamaged and high-quality
CF tow. Additionally, it was observed that detecting cases where the gap between fibers is
within 4 mm using the current sensing method is challenging. When the CF tow is torn,
as shown in Figure 9c, changes in CV results can be detected, and this can be observed
through an overall increase in CV values. In the case of Figure 9d, using the current sensing
method provided the most accurate detection. This scenario represents the most critical
situation, and detecting it using the current sensing method is considered a significant
discovery. For Figure 9e,f, it was anticipated that significant variations in current would
occur due to fiber breakage. However, it was confirmed that substantial changes are not
observed when the fiber is cut in the width direction by less than 4 mm.



Polymers 2023, 15, 4182 11 of 14

Polymers 2023, 15, x FOR PEER REVIEW  11  of  15 
 

 

Figure 9 summarizes the potential states of CF tow that can ultimately occur. In most 

cases, conditions similar to Figure 9a,b can be considered as undamaged and high-quality 

CF tow. Additionally, it was observed that detecting cases where the gap between fibers 

is within 4 mm using the current sensing method is challenging. When the CF tow is torn, 

as shown in Figure 9c, changes in CV results can be detected, and this can be observed 

through an overall increase in CV values. In the case of Figure 9d, using the current sens-

ing method provided the most accurate detection. This scenario represents the most criti-

cal situation, and detecting it using the current sensing method is considered a significant 

discovery. For Figure 9e,f, it was anticipated that significant variations in current would 

occur due to fiber breakage. However, it was confirmed that substantial changes are not 

observed when the fiber is cut in the width direction by less than 4 mm. 

 

Figure 9. Classification of carbon fiber  (CF)  tows based on damage status:  (a) normal;  (b) fibers 

within 1 mm in width and intra-fiber defects present (assessed as normal); (c) fibers larger than 1 

mm in width and inter-fiber defects present (poor); (d) dust, contact by foreign objects on the fiber 

tow, and separation of fiber and inter-fiber interfaces; (e) fiber fractured in the horizontal direction; 

and (f) fiber fractured in the vertical direction. 

In summary, Figure 9a shows uniformly arranged CF tow, indicating a stable fiber-

to-fiber interface within the CF tow. Figure 9b illustrates fiber separation at the 1mm level 

when observed visually. Although this condition does not display severe cracks, void for-

mation during actual application could lead to reduced mechanical properties. Figure 9c–

f represent forms of CF tow that can potentially create significant cracks in composite ma-

terials. In the case of Figure 9c, interfaces between fibers in the CF tow are dispersed, in-

dicating  a defective  state. However, Figures  4–8  confirm  limitations  in detecting fiber 

cracks using the Eddy current measurement method. Hardware improvements to enhance 

sensor sensitivity are necessary when utilizing the Eddy current measurement method. 

Figure  9c,d  represent  cases where CF  tow damage  is distinctly detected. Through  the 

Eddy current measurement method, impedance values of the conductive CF tow can be 

detected, and significant changes in the impedance coefficient are observed when foreign 

substances adhere or external CF tow is attached. Damage to the CF tow can be detected, 

and such damage due to array changes is detectable through the Eddy current measure-

ment method. Finally, in the case of Figure 9e,f, the Eddy current measurement method 

did not detect damage locations when there was damage in the fiber width or length di-

rection within 4mm. Since  the eddy current measurement method can  identify CF tow 

Figure 9. Classification of carbon fiber (CF) tows based on damage status: (a) normal; (b) fibers
within 1 mm in width and intra-fiber defects present (assessed as normal); (c) fibers larger than 1 mm
in width and inter-fiber defects present (poor); (d) dust, contact by foreign objects on the fiber tow,
and separation of fiber and inter-fiber interfaces; (e) fiber fractured in the horizontal direction; and
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In summary, Figure 9a shows uniformly arranged CF tow, indicating a stable fiber-to-
fiber interface within the CF tow. Figure 9b illustrates fiber separation at the 1mm level
when observed visually. Although this condition does not display severe cracks, void
formation during actual application could lead to reduced mechanical properties. Figure 9c–
f represent forms of CF tow that can potentially create significant cracks in composite
materials. In the case of Figure 9c, interfaces between fibers in the CF tow are dispersed,
indicating a defective state. However, Figures 4–8 confirm limitations in detecting fiber
cracks using the Eddy current measurement method. Hardware improvements to enhance
sensor sensitivity are necessary when utilizing the Eddy current measurement method.
Figure 9c,d represent cases where CF tow damage is distinctly detected. Through the Eddy
current measurement method, impedance values of the conductive CF tow can be detected,
and significant changes in the impedance coefficient are observed when foreign substances
adhere or external CF tow is attached. Damage to the CF tow can be detected, and such
damage due to array changes is detectable through the Eddy current measurement method.
Finally, in the case of Figure 9e,f, the Eddy current measurement method did not detect
damage locations when there was damage in the fiber width or length direction within
4mm. Since the eddy current measurement method can identify CF tow damage and the
presence of foreign substances, it is advisable to apply non-destructive evaluation towards
detecting macroscopic fiber arrays rather than microscopic cracks.

The CF tow can be categorized into four major categories, as seen in Figure 9:
(a) normal condition similar to standard carbon fibers, (b) presence of cracks in the fiber
interface, such as in Figure 9b,c, (c) fibers with foreign substances adhered or embedded on
the fiber surface, as shown in Figure 9d, and (d) cases where some fibers within the CF tow
are cut or severed, depicted in Figure 9e,f. In the case of normal CF tow (Figure 9a), the CV
results were relatively consistent. When there was separation between fibers or fiber-to-fiber
interface damage (Figure 9b,c), the CV results showed an increase ranging from 0.1 to 0.2
compared to the surrounding regions. Depending on the degree of non-uniformity in the
CF tow, the results were observed in a two-dimensional curve. In areas where the CF tow
had bends or pronounced curvatures, the trend line of the two-dimensional curve showed
larger curvatures. In cases where foreign substances were present on the fiber surface, fiber
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damage was observed. This showed the most significant change in CV results, allowing for
measurement with ECT sensors at specific locations. Finally, fiber breakage was observed
in cases where cracks in the width direction of CF tow were 4 mm or more, and the length
of the fibers in the fiber length direction had minimal impact on the ECT signal changes.

As shown in Figure 10, we characterized the state of the CF tow through single-fiber
tensile experiments [39,40]. In the case of normal CF tow, similar to Figure 9a, most
of the tensile strengths of the individual fibers were uniform. However, CF tow under
conditions like Figure 9b,c showed an uneven state in the fiber results, as depicted in
Figure 10b. Figure 10c represents the evaluation of CF tow when foreign substances
were present on the fibers, similar to Figure 9d. It was observed that the presence of
foreign substances significantly altered the fiber strength and led to a considerable variation
in tensile results. This difference is attributed to the impairment of fiber homogeneity
due to foreign substances on the fibers and the formation of cracks on the fiber surface.
Finally, in the case of Figure 10d, the result of the single-fiber experiment was obtained
using a portion of CF tow where fiber cutting was observed. It was confirmed that the
tensile strength of the individual fiber was greatly degraded compared to the normal state.
In this way, we were able to classify the state of the CF tow into four categories using ECT
based on the results of single-fiber tensile experiments under various CF tow conditions.
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4. Conclusions

This study proposes a method to assess the condition of CF tow by utilizing the
Eddy current sensing technique and summarizing the impedance results in the fiber width
direction as a CV. When conducting Eddy current sensing, it is suitable to use a working
surface with uniform properties, and segment-wise organization of impedance results
represented as CV allowed for the prediction of CF tow condition. While direct detection of
fiber-to-fiber interface separation within the CF tow was challenging using the Eddy current
sensing method, it was possible to confirm it through the curvature of the trend line and the
increase in average CV values from the impedance results. Detecting fiber breakage directly
through Eddy current sensing was difficult; however, when fiber width-wise cuts of 4 mm
or more occurred, changes in CV values could be observed. Lastly, in cases where foreign
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substances were present on the CF tow, the most significant CV changes were observed, and
the extent of the foreign substance’s presence could be determined. Based on these results,
it is possible to assess the condition of CF tow through the Eddy current sensing method.
The application of such evaluation systems and analysis methods in real-time processes is
expected to drive advancements in composite material manufacturing technology.

Author Contributions: Conceptualization, J.U.R.; validation, H.K. and J.C.H.; formal analysis, J.U.R.
and J.C.H.; investigation, S.B.Y.; data curation, J.U.R., H.K., S.B.Y. and S.L.; writing—original draft
preparation, J.U.R.; writing—review and editing, H.L., S.L. and D.-J.K.; visualization, H.K.; supervi-
sion, D.-J.K.; funding acquisition, H.L. and D.-J.K. All authors have read and agreed to the published
version of the manuscript.

Funding: This research is a result of the research project “Development of Cooling Fan System
for High-Speed Railway Vehicles with Power Distribution (RS-2021-KA162366)” supported by the
Korea Agency for Infrastructure Technology Advancement. This research was supported by Basic
Science Research Program through the National Research Foundation of Korea (NRF) funded by the
Ministry of Education (2020R1A6A03038697). This work was supported by the Korea Institute for
Advancement of Technology (KIAT) grant funded by the Korea Government (MOTIE) [Grant No.
P0017310, Human Resource Development Program for Industrial Innovation (global)]. This work
was supported by the Korea Carbon Industry Promotion Agency funded by the Ministry of Trade,
Industry & Energy of the Republic of Korea (No. G2820220600004).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data that supports the findings of this study are available within
the article.

Conflicts of Interest: Jae Chung Ha was employed by the company Vastek Korea. The remaining
authors declare that the research was conducted in the absence of any commercial or financial
relationships that could be construed as a potential conflict of interest.

References
1. Albakri, M.I.; Sturm, L.D.; Williams, C.B.; Tarazaga, P.A. Impedance-based non-destructive evaluation of additively manufactured

parts. Rapid Prototyp. J. 2017, 23, 589–601. [CrossRef]
2. Ciampa, F.; Mahmoodi, P.; Pinto, F.; Meo, M. Recent advances in active infrared thermography for non-destructive testing of

aerospace components. Sensors 2018, 18, 609. [CrossRef] [PubMed]
3. Mayr, G.; Plank, B.; Sekelja, J.; Hendorfer, G. Active thermography as a quantitative method for non-destructive evaluation of

porous carbon fiber reinforced polymers. NDT E Int. 2011, 44, 537–543. [CrossRef]
4. Dwivedi, S.K.; Vishwakarma, M.; Soni, A. Advances and researches on non destructive testing: A review. Mater. Today Proc. 2018,

5, 3690–3698. [CrossRef]
5. Yehia, S.; Abudayyeh, O.; Nabulsi, S.; Abdelqader, I. Detection of common defects in concrete bridge decks using nondestructive

evaluation techniques. J. Bridge Eng. 2007, 12, 215–225. [CrossRef]
6. Fu, Y.; Yao, X. A review on manufacturing defects and their detection of fiber reinforced resin matrix composites. Compos. Part C

Open Access 2022, 8, 100276. [CrossRef]
7. Gigliotti, M.; Pannier, Y.; Gonzalez, R.A.; Lafarie-Frenot, M.C.; Lomov, S.V. X-ray micro-computed-tomography characterization

of cracks induced by thermal cycling in non-crimp 3D orthogonal woven composite materials with porosity. Compos. Part A Appl.
Sci. Manuf. 2018, 112, 100–110. [CrossRef]

8. Gholizadeh, S. A review of non-destructive testing methods of composite materials. Procedia Struct. Integr. 2016, 1, 50–57. [CrossRef]
9. Jodhani, J.; Handa, A.; Gautam, A.; Rana, R. Ultrasonic non-destructive evaluation of composites: A review. Mater. Today Proc.

2023, 78, 627–632. [CrossRef]
10. Kot, P.; Muradov, M.; Gkantou, M.; Kamaris, G.S.; Hashim, K.; Yeboah, D. Recent advancements in non-destructive testing

techniques for structural health monitoring. Appl. Sci. 2021, 11, 2750. [CrossRef]
11. Skinner, H.B. Composite technology for total hip arthroplasty. Clin. Orthop. Relat. Res. 1988, 235, 224–236. [CrossRef]
12. Blaker, J.J.; Maquet, V.; Jérôme, R.; Boccaccini, A.R.; Nazhat, S. Mechanical properties of highly porous PDLLA/Bioglass®

composite foams as scaffolds for bone tissue engineering. Acta Biomater. 2005, 1, 643–652. [CrossRef] [PubMed]
13. Chauveau, D. Review of NDT and process monitoring techniques usable to produce high-quality parts by welding or additive

manufacturing. Weld. World 2018, 62, 1097–1118. [CrossRef]
14. Nsengiyumva, W.; Zhong, S.; Lin, J.; Zhang, Q.; Zhong, J.; Huang, Y. Advances, limitations and prospects of nondestructive testing and

evaluation of thick composites and sandwich structures: A state-of-the-art review. Compos. Struct. 2021, 256, 112951. [CrossRef]

https://doi.org/10.1108/RPJ-03-2016-0046
https://doi.org/10.3390/s18020609
https://www.ncbi.nlm.nih.gov/pubmed/29462953
https://doi.org/10.1016/j.ndteint.2011.05.012
https://doi.org/10.1016/j.matpr.2017.11.620
https://doi.org/10.1061/(ASCE)1084-0702(2007)12:2(215)
https://doi.org/10.1016/j.jcomc.2022.100276
https://doi.org/10.1016/j.compositesa.2018.05.020
https://doi.org/10.1016/j.prostr.2016.02.008
https://doi.org/10.1016/j.matpr.2022.12.055
https://doi.org/10.3390/app11062750
https://doi.org/10.1097/00003086-198810000-00022
https://doi.org/10.1016/j.actbio.2005.07.003
https://www.ncbi.nlm.nih.gov/pubmed/16701845
https://doi.org/10.1007/s40194-018-0609-3
https://doi.org/10.1016/j.compstruct.2020.112951


Polymers 2023, 15, 4182 14 of 14

15. He, Y.; Li, M.; Meng, Z.; Chen, S.; Huang, S.; Hu, Y.; Zou, X. An overview of acoustic emission inspection and monitoring
technology in the key components of renewable energy systems. Mech. Syst. Signal Process. 2021, 148, 107146. [CrossRef]

16. Preethikaharshini, J.; Naresh, K.; Rajeshkumar, G.; Arumugaprabu, V.; Khan, M.A.; Khan, K. Review of advanced techniques for
manufacturing biocomposites: Non-destructive evaluation and artificial intelligence-assisted modeling. J. Mater. Sci. 2022, 57,
16091–16146. [CrossRef]

17. Repelianto, A.S.; Kasai, N. The improvement of flaw detection by the configuration of uniform eddy current probes. Sensors 2019,
19, 397. [CrossRef]

18. Kim, Y.-G.; Moon, H.-S.; Park, K.-J.; Lee, J.-K. Generating and detecting torsional guided waves using magnetostrictive sensors of
crossed coils. NDT E Int. 2011, 44, 145–151. [CrossRef]

19. Cai, Z.; Zou, D.; Liu, C. Research on eddy-current testing of functional polymer composite material. IEEE Trans. Magn. 2018, 54, 1–5.
20. Wasa, K.; Kitabatake, M.; Adachi, H. Thin Film Materials Technology: Sputtering of Control Compound Materials; Springer Science &

Business Media: Berlin/Heidelberg, Germany, 2004.
21. Naghdi, S.; Rhee, K.Y.; Hui, D.; Park, S.J. A review of conductive metal nanomaterials as conductive, transparent, and flexible

coatings, thin films, and conductive fillers: Different deposition methods and applications. Coatings 2018, 8, 278. [CrossRef]
22. Liu, D.-C.; Hubert, P. Bulk factor characterization of heated debulked autoclave and out-of-autoclave carbon fibre prepregs.

Compos. Part B Eng. 2021, 219, 108940. [CrossRef]
23. Yi, Q.; Wilcox, P.; Hughes, R. Modelling and evaluation of carbon fibre composite structures using high-frequency eddy current

imaging. Compos. Part B Eng. 2023, 248, 110343. [CrossRef]
24. Pollock, L.; O’Byrne, S.; Wild, G. Quality assurance of uncured polymer matrix prepregs through the application of non-destructive

methods. NDT E Int. 2023, 133, 102761. [CrossRef]
25. Roh, J.; Lee, W.I. Review: Continuous Fiber Tow Spreading Technologies and Its Applications. Compos. Res. 2013, 26, 155–159. [CrossRef]
26. Roh Jeong, U.; Baek, U.-G.; Roh, J.-S.; Nam, G. Evaluation of Process Performance and Mechanical Properties according to Process

Variables of Pneumatic Carbon Fiber Tow Spreading. Compos. Res. 2020, 33, 390–394. [CrossRef]
27. Nishikawa, Y.; Miki, T.; Okubo, K.; Fujii, T.; Kawabe, K. Fatigue Behaviour of Plain Woven CF/Epoxy Composites using Spread

Tows. Effect of Tow Thickness on Crack Formation. Trans. Jpn. Soc. Mech. Eng. Ser. A 2005, 71, 1356–1361. [CrossRef]
28. Park, S.-M.; Kim, M.S.; Choi, Y.S.; Lee, E.S.; Yoo, H.W.; Sung, C.J. Carbon Fiber Tow Spreading Technology and Mechanical

Properties of Laminate Composites. Compos. Res. 2015, 28, 249–253. [CrossRef]
29. El-Dessouky, H.M.; Lawrence, C.A. Ultra-lightweight carbon fibre/thermoplastic composite material using spread tow technology.

Compos. Part B Eng. 2013, 50, 91–97. [CrossRef]
30. Kencanawati, C.; Suardana, N.; Sugita, G.; Suyasa, I. In Characterization and exploring of local balinese areca husk fibers as

reinforced material biocomposite. IOP Conf. Ser. Mater. Sci. Eng. 2017, 201, 012002. [CrossRef]
31. ASTM D3379; Standard Test Method for Tensile Strength and Young’s Modulus for High-Modulus Single-Filament Materials.

ASTM International (ASTM): West Conshohocken, PA, USA, 1976.
32. Baillie, C.; Buxton, A. A quantitative study of matrix crack propagation in the fragmentation test. Compos. Part A Appl. Sci. Manuf.

1998, 29, 1091–1097. [CrossRef]
33. Wang, P.; Wang, L.; Kang, K.; Yin, J.; Xiong, X.; Zhang, H. Microstructural, mechanical and tribological performances of carbon

fiber reinforced copper/carbon composites. Compos. Part A Appl. Sci. Manuf. 2021, 142, 106247. [CrossRef]
34. Rai, R.S.; Bajpai, V. Improvement of interfacial adhesion of CuO nanostructured carbon fiber reinforced polymer composites.

Polym. Compos. 2023, 44, 1789–1804. [CrossRef]
35. Endruweit, A.; Harper, L.T.; Turner, T.A.; Warrior, N.A.; Long, A.C. Random discontinuous carbon fibre preforms: Permeability

modelling and resin injection simulation. Compos. Part A Appl. Sci. Manuf. 2008, 39, 1660–1669. [CrossRef]
36. Schulze, M.H.; Heuer, H.; Küttner, M.; Meyendorf, N. High-resolution eddy current sensor system for quality assessment of

carbon fiber materials. Microsyst. Technol. 2010, 16, 791–797. [CrossRef]
37. Heuer, H.; Schulze, M.H. Eddy current testing of carbon fiber materials by high resolution directional sensors. In Proceedings of

the NDT Canada, Montreal, QC, Canada, 2–4 November 2011; pp. 1–3.
38. Bardl, G.; Nocke, A.; Cherif, C.; Pooch, M.; Schulze, M.; Heuer, H.; Schiller, M.; Kupke, R.; Klein, M. Automated detection of yarn

orientation in 3D-draped carbon fiber fabrics and preforms from eddy current data. Compos. Part B Eng. 2016, 96, 312–324. [CrossRef]
39. Kwon, D.-J.; Shin, P.-S.; Kim, J.-H.; Baek, Y.-M.; Park, H.-S.; DeVries, K.L.; Park, J.-M. Interfacial properties and thermal aging of

glass fiber/epoxy composites reinforced with SiC and SiO2 nanoparticles. Compos. Part B Eng. 2017, 130, 46–53. [CrossRef]
40. Kwon, D.-J.; Wang, Z.-J.; Choi, J.-Y.; Shin, P.-S.; DeVries, K.L.; Park, J.-M. Interfacial evaluation of carbon fiber/epoxy composites using

electrical resistance measurements at room and a cryogenic temperature. Compos. Part A Appl. Sci. Manuf. 2015, 72, 160–166. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.ymssp.2020.107146
https://doi.org/10.1007/s10853-022-07558-1
https://doi.org/10.3390/s19020397
https://doi.org/10.1016/j.ndteint.2010.11.006
https://doi.org/10.3390/coatings8080278
https://doi.org/10.1016/j.compositesb.2021.108940
https://doi.org/10.1016/j.compositesb.2022.110343
https://doi.org/10.1016/j.ndteint.2022.102761
https://doi.org/10.7234/composres.2013.26.3.155
https://doi.org/10.7234/COMPOSRES.2020.33.6.390
https://doi.org/10.1299/kikaia.71.1356
https://doi.org/10.7234/composres.2015.28.5.249
https://doi.org/10.1016/j.compositesb.2013.01.026
https://doi.org/10.1088/1757-899X/201/1/012002
https://doi.org/10.1016/S1359-835X(98)00075-X
https://doi.org/10.1016/j.compositesa.2020.106247
https://doi.org/10.1002/pc.27205
https://doi.org/10.1016/j.compositesa.2008.07.006
https://doi.org/10.1007/s00542-010-1047-3
https://doi.org/10.1016/j.compositesb.2016.04.040
https://doi.org/10.1016/j.compositesb.2017.07.045
https://doi.org/10.1016/j.compositesa.2015.02.007

	Introduction 
	Materials and Methods 
	Sample Preparation 
	Eddy Current Testing (ECT) System 
	Single Fiber Tensile Test 

	Results and Discussion 
	Workbench Affects Eddy Current Detection 
	Eddy Current Detection Results Based on Deformation/Damage Morphology of the CF Tow 

	Conclusions 
	References

