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ARTICLE INFO ABSTRACT

Keywords: Damages such as fiber breakage and delamination are likely to occur inside CFRP composites when subjected to
Carbon fibers external forces, such as impact and fatigue load. These damages are mostly invisible and cause safety hazards
Defects ) . during the service of the products. This study proposes a new type of nondestructive testing (NDT) method using
g:;: ieiizgzgve testing electromagnetic wave (EMW) technique, EMW-NDT. It was proven that the proposed EMW-NDT method is
Crack effective in detecting damages such as delamination, crack or other defects in CFRP composites. The EMW-NDT

method’s detection capacity to the delamination size, delamination thickness, and slits in CFRP composites was
investigated. A reasonable sensitivity to the damage volume change in delamination was confirmed with a
damage area ratio of 12.6%/,/dB and a thickness change of 5.5 dB/mm. It was found that the incident angle of the
EM wave plays a vital role in detecting sensitivity because of the skin effect in CFRP composites. The results
confirmed that the proposed method demonstrates good detection sensitivity to delamination size and thickness.
In terms of crack damage, the slit and its length were detected and the slit direction was successfully identified in
this study based on the characteristics of the electromagnetic interference (EMI) shielding anisotropy in CFRPs.
Moreover, the proposed EMW-NDT method with specified designed free-space measurement system is contact-
less, and no coupling medium is required; thus, it exhibits huge potential to be widely used as a new damage
detection technique for CFRP composites.

1. Introduction

Carbon-based composites have been widely used in various in-
dustries [1-3] due to their high mechanical and electrical performances
[4,5]. Specifically, carbon fiber reinforced polymer (CFRP) composites
have been widely used to replace high-density metal materials [6,7], due
to their high elastic modulus and strength to weight ratio as well as their
excellent corrosion resistance. The application of CFRP include aircraft,
wind turbines, automobiles, and sports items such as bicycles, skis, and
rowing boats [8]. With the diversification of CFRP applications, its
production process has become fairly complicated. Many defects and
damages will appear in the production and application processes. For
example, unevenness of resins and appearance of voids will occur during

the production process, and the material will crack and delaminate after
being impacted in the application process [9,10]. The presence of these
defects will significantly affect the performance and application of the
CFRP materials, with the delamination and crack damage in the com-
posite materials particularly difficult to detect, leading to hidden safety
hazards during use. Therefore, carrying out nondestructive testing
(NDT) is essential to evaluate the various damage to CFRPs during their
production and service.

A number of NDT methods currently exist for detecting the defects
and damage within composite materials. Among them, the eddy current
testing method has been extensively studied. This is a noncontact
method mainly used to detect cracks and corrosion in high conductivity
materials [11,12]. To improve the damage detection in CFRPs, Wu et al.
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developed a T-R probe with a special structure, to overcome the impact
of lift-off variation and detected the defects within CFRPs [13]. A novel
wireless power transfer-based eddy current NDT using a flexible printed
coil array has been proposed by L. U. Daura et al. [14], which can be
used for the eddy current testing (ECT) of pipeline sample. Elsewhere,
Mizukami et al. designed and changed the probe geometry of the eddy
current testing setup to improve the sensitivity to delamination in
CFRPs, with a delamination with a length and width of 10 mm conse-
quently observable [15]. Meanwhile, He et al. found that the defects
induced by a low-energy impact can be effectively detected via scanning
pulsed eddy current testing [16]. Many researchers also studied the
application of eddy current testing in CFRP examination through
modeling [17,18]. Due to the electrical performance requirements in the
eddy current testing method, the method is not mature in the terms of
CFRP testing. At the same time, the method also exhibits certain other
disadvantages, such as the limitation of the penetration depth and the
unsuitability for the detection of complex geometries and large area
products.

Another prevalent and widely used NDT method is the ultrasonic
testing method, which has mainly been used to detect material delam-
ination. The ultrasonic C-scan technique can identify the location,
orientation, and size of defects. Many research reports demonstrated the
use of ultrasonic NDT for the detection of impact damage in CFRPs
[19-21]. However, a number of disadvantages remain in using the ul-
trasonic NDT method. For example, a medium is required to transmit
ultrasonic energy from the probe to the material, such as water and gel,
and detecting the delamination that exists near the surface of the ma-
terial is not easy [15,22]. While a relatively new ultrasonic NDT has
been developed which involves noncontact without the requirement of a
coupling medium, the method exhibits many limitations and must be
performed under specific conditions [23,24].

Meanwhile, in terms of other methods, while shearography [25,26]
and radiographic testing [27,28] methods have been applied to the ex-
amination of CFRP materials, these also involve certain limitations, such
as being only applicable to the detection of particular specimens and
being limited to certain types of damage [29]. The infrared thermog-
raphy method can be used to detect defects through monitoring the
temperature variations caused by the discontinues in the material [30].
R. Sutthaweekul et al. [31] proposed a novel application of microwave
NDT to detect and characterize the flat-bottom hole (FBH) defect in
coated glass fiber reinforced plastics (GFRP) pipes. Numerous works
[32-34] focused on the application of thermal imaging technology in
relation to composites, with the cost of the machine and the hot spots
where reflective surfaces are prone to error found to limit its full
application.

Free-space measurement is generally used to determine the magnetic
permeability and electric permittivity of materials and can be conducted
under different temperature conditions [35,36]. A number of research
works demonstrated the possibility of applying a free-space method, to
detect hardened cement specimens [37] and to determine the dispersion
and orientation of the fiber that exists in concrete [38]. However, few
reports focused on the application of the EM wave technique as a
nondestructive testing of CFRP for evaluate CFRP damage.

Due to the high electrical conductivity of carbon fiber, CFRPs always
achieve an excellent electromagnetic interference (EMI) shielding per-
formance. When a damage occurs inside CFRP composites, the single-
layer composite material will become a regional “double-layer” or
“multi-layer” material, where the air layer is formed. Multiple re-
flections will occur when the EM wave passes through these regions,
resulting in changes to the transmission coefficient. The damage inside
the CFRP could be detected through analyzing and comparing the dif-
ference in transmission coefficient. In the present paper, a new type of
NDT method using electromagnetic wave (EMW-NDT) is proposed to
detect the damage in CFRP composites. The inspection ability of this
method in relation to the different types of damages inside CFRP com-
posites is investigated. The EMW-NDT present a noncontact and
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nondestructive measurement method, wherein a coupling medium is not
required. This method allows for testing samples of large sizes with
various shapes, and the test process is quick where the testing results
could be obtained in few seconds. As the electrical conductivity of CFRP
was affected by the carbon fiber direction [39,40], the detection per-
formance of the EM wave technique at the different angles of incident
EM wave between the electric field of the EM waves and carbon fiber
direction was analyzed. The experimental results indicated that the
proposed EMW-NDT method is effective in detecting damage such as
delamination, crack or other defects in CFRP composites.

2. Experimental
2.1. Sample preparation

The CFRP samples were fabricated from unidirectional prepreg
sheets. The delamination damage was reproduced by inserting Teflon
film between the CFRP layers. The main reason for choosing Teflon film
is its high electrical resistance (almost insulation) and dielectric constant
value (~2.1), which is close to that of air (=~1). Slits in the CFRPs were
prepared using a knife. The sample dimension was 250 mm in length and
250 mm in width. All the CFRP composites were cured using a hot press
machine at 135 °C, 2 MPa for 1.5 h, as shown in Fig. 1.

Carbon prepregs sheets (NT81250-525S) with an areal density of
125 g/m2 were supplied by Nippon Graphite Fiber Corporation, while
the Teflon film was purchased from Nitto Denko Corporation, with the
intrinsic properties listed in Table 1.

2.2. EMW-NDT measurement

To measure the changes in electromagnetic performance for detect-
ing damages inside the CFRP, the electric field of the incident EM waves
was linearly polarized. As shown in Fig. 2(a), the free-space setup con-
sisted of transmitting and receiving horn antennas connected to a vector
network analyzer by two coaxial cables. A pair of dielectric lenses was
mounted between the transmitting and receiving antennas. The upper
lenses demonstrated the capacity to convert the spherical EM wave
emitted by the transmitting antenna into a linearly polarized plane
wave. After the sample shielded the EM wave, the remaining EM waves
were converted and focused by the bottom lens, and the converging
beam ultimately reached the receiving antenna. The presence of the lens
reduced the multiple reflections between the transmitting antenna and
the sample as well as the diffraction around the sample, which signifi-
cantly improved the accuracy of the test results.

A sample stage between the two antennas was present, which was
used for the placement of the sample during the test. Since the free-space
setup was placed vertically, no fixture was required to secure it. An
aperture was used in the middle of the sample stage, with the measured
part of the sample placed within the aperture range. We prepared
sample stage with aperture diameters of 16 cm. To avoid the impact of
edge effects and multiple reflections, the device was required to be
calibrated prior to the measurement. The maximum size of specimen
that can be tested by this method depends on the sample stage size, the
distance between antennas, and other related parameters. The device
could be suitable for the detection of large-size composite structures
through proper modification.

The transmission scatter parameters (Sz;1) (Fig. 2(b)) was recorded by
the vector network analyzer at the frequency range of 5-15 GHz (Fig. 2
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CFRP Teflon Hot Press Machine 135°C, 2.5MPa, 1.5h CFRP/Teflon

Fig. 1. Fabrication process of CFRP composites inserted with Teflon film.
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Table 1

Properties of the Teflon film used in this study.
Profile Value Unit
Thickness 0.05 mm
Permittivity 2.1 -

Volume Resistivity over 1 x 10%7 Qecm

(b)). The attenuation of the EM wave was defined as the shielding
effectiveness (SE), which could be calculated using the following
equations:

SE =Sy (dB) = — 10 1og(\sﬂ|2) )}

while the detection sensitivity AS»;(dB) can be defined as follows:

ASy(dB) = |S,,(dB) — S, (dB)] 2)
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where S'51(dB) and S»;(dB) are the transmission coefficient of CFRP with
and without damage, respectively.

The electrical conductivity of CFRP is affected by the direction of the
carbon fiber, i.e., the angle between the fiber direction and the electric
field direction of the incident EM wave will affect the transmission co-
efficient. To ascertain the optimum incident angle of the EM wave for
the best detection sensitivity of damage within CFRPs, the samples were
evaluated using three typical incident angles of 0°, 45° and 90° as shown
in Fig. 2(c).

3. Results and discussion
3.1. Electromagnetic interference shielding theory

According to the multimedia shielding theory [41], the transmission
coefficient T of n-layer materials (Fig. 3(a)) for the H-field is:

(b) S

(transmitted)

Vibration direction of electric field

Fig. 2. (a) The specially designed free-space measurement system and its set-up, (b) illustration of the S-parameter obtained via measurement, (c) incident angle of

the EM wave between fiber direction and electric field direction.
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Fig. 3. CFRP with different structures: (a) n-layers CFRP; (b) CFRP separated by Teflon film or air.
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T:p[(l _ qle—an])(] _ q2efzrglz).“(l _ qn672rnln)]*1 « e-Tili—nah—hly
3)

Meanwhile, the total shielding SE7, absorption SE,4, reflection SEg,
and the multiple reflection SEj; are expressed as follows:

SEr =SE4 + SEg + SEy = 20logyo|T| 4)
SEx =20logp|e "2l b 5)
21y-2, -2
SEr =20logo|P| = 2010g| " 6)
= 200 ol Pl = 20008 | S (o, + 2)
SEy =20logio[(1 — q,e™") (1 — gpe™") (1 — g,e™>"")] -1 %)

where q is the reflection coefficient, p is the transmitted coefficient, [ is
the shield thickness, 1 is the intrinsic impedance of the shield, Zy is the
EM wave impedance, and r is the propagation constant.

r=/ian(o+ 100) ®
(M = Mat) (M, — Zw)

AL AL S EA L A 9
0y 1) 0+ Zw) ©

For a single layer CFRP with thickness d and intrinsic impedance Zg,
the shielding effectiveness (SEg) can be expressed as follows:

SES :2010g10|T| (10)
=SE, + SEg + SEy

2727y

= 20log,y(e7) + Wlog 7= 87 =05

‘ + 2010g‘1 — qe’z’d‘

LK1,

d K+ 1]
=8.68 =+ 20lo
& 10 K+1)

AT L oo
5 a2l

where k is the ratio between the EM wave impedance (Zy) and intrinsic
impedance (Zp) of CFRP, while § is the skin depth, as below:

6:1/\/ﬂuf(7 an

where p is magnetic permeability, f is frequency, and o is electrical
conductivity.

For a CFRP with Teflon or air inserts (Fig. 3(b)), it will be imaged as a
multi-layer structure with n = 3, with the thickness dj, half that of single
CFRP (d). The thickness of Teflon or air are dr. According to Eq. (4), the
SE value of CFRP with Teflon film or air (SE4) can be rewritten follows:

27,,27p-27275

_ —rdy —r,dy —rd
SE. = 20ag (e ) 4 0|

+2010g| (1 _ qle—2r|d|)( _ q2672r2d1) ( _ q3e—2r|d1)|

dy +d, K+ 1] |K1+1‘2
+ 20lo, o
& AK] E 14K (12)

+2010g| (1 _ qle—Zrldl ) ( _ qze—Zrzdvl-) ( _ q3e—2r|d| ) |

= 8.68

To discuss the effect of Teflon/air on the EMI shielding performance
of CFRP, we compared the SE value of CFRP with/without Teflon/air.
Here, the detection sensitivity, AS2;(dB), could be expressed as follows:

AS21(dB) = SEd — SEs

K, + 1] a3

= 20log T +20l0g| (1 — goe >7) |

where Zr is the impedance of Teflon or air.

In this study, d = 0.55 x 102 m, d; = dy = d/2 = 0.275 x 10 3 m,
and the electrical conductivity ¢ of CFRP at the test degree 45° was 453
S/m. Then, the detection sensitivity AS»;(dB) for the CFRP with Teflon
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and air at 10 GHz were 4.6 and 5.7 dB. This indicated that the insertion
of Teflon film in CFRP can improve the shielding performance of the
material, which means that the delamination damage inside the CFRP
could be detected by comparing the transmission coefficient value
changes. Simultaneously, the theoretical analysis results also indicated
that the EMI shielding effectiveness was similar to that of the CFRP
inserted with air or Teflon film.

3.2. Detection sensitivity of delamination damage size by AS2; (dB)

To accurately predict the service life of CFRPs, the ability to quan-
titatively characterize any delamination defects via NDT technology is
essential. The delamination size is a main factor affecting the CFRP’s
service life, meaning detecting the delamination area is critical in the
NDT process. The CFRP with delamination areas of ® 5 cm in diameter
was reproduced by inserting Teflon film. The samples were square
shaped with a side length of 25 cm, as shown in Fig. 4(a), with the
measurement involving the sample stage of a ®16 cm diameter aperture.

Fig. 4(b) shows the S51(dB) values of CFRP at the incident angle of 0°.
With the change in Teflon area inside the CFRP, the Sy;(dB) value
changed at specific frequencies; however, the differences in Sy1(dB)
were not large enough to distinguish the delamination area. Fig. 4(c)
and (d) show the S;;(dB) values of the CFRP at the testing angle of 45°
and 90°, respectively. A detectable difference in Sp1(dB) values was
obtained within the entire frequency range of 5-15 GHz. Here, it was
clear that the existence of delamination led to an increase in the SE
values of the CFRP. Then, with the delamination damage created inside
the CFRP composites, the single-layer CFRP composite was split into a
“double-layer” version, and the air zone was formed. Multiple re-
flections would occur when the EM wave passed through these regions,
resulting in the improvement of the EMI shielding performance, which
was consistent with the shielding theory analyzed in the previous
section.

The variation in SE value is shown in Table 2. The lower detection
sensitivity of delamination at the 0° incident angle was deemed to be
due to the small skin depth for CFRP at the fiber direction. Eq. (11) in-
dicates that the skin depth decreases with the increase in frequency and
electrical conductivity. Due to the anisotropy of the electrical conduc-
tivity of unidirectional CFRP, this material exhibits the highest electrical
conductivity at the fiber direction, resulting in the smallest skin depth.
For example, the skin depth of CFRP at 10 GHz was around 0.0459 mm
in the fiber direction (0°), as shown in Table 2. According to the defi-
nition of skin depth, at a 0° incident angle where the electric field is
consistent with the fiber direction, the EM wave strength would be
reduced to 1/e of its incident strength before the EM wave is transmitted
out the CFRP composites. That is, most of the EM wave cannot reach the
depth of the delamination area, resulting in a small detection sensitivity.
At the 10 GHz frequency, the skin depth was calculated to be 0.742 mm
at the 45° incident angle and 1.221 mm at the direction perpendicular to
the carbon fiber (90°), which are far larger than its thickness (0.55 mm).
Consequently, the penetration ability of the EM wave to the CFRP was
improved as the incident angle testing angle to fiber orientation
increased, and the delamination size was detected at the incident angles
of 45° and 90°, which is shown in Fig. 4(c) and (d). Here, the delami-
nation area ratio is about 9.8%, then the detection sensitivity of the
damage area ratio was around 12.6%/dB at the 45° incident angle.

As Fig. 5(c) shows the detection sensitivity value increased with the
increment of the delamination size. The detection ability at the 45°
incident angle is better than that at the 90° angle, and they. The
detection sensitivity of the delamination area at the 45° and 90° can be
predicted approximately as follows:

ASy(dB) =0.093 x d + 0.27for the 45° incident angle 14)

ASy(dB) =0.082 x d + 0.26for the 90° incident angle 15)

The predicted results are in good consistent with the experimental, as
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Fig. 4. (a) Images of CFRP inserts of Teflon with different diameters; S»;(dB) values of CFRPs inserted with 5 cm diameter Teflon film under three typical incident
angles of (b) 0°, (c) 45° and (d) 90°.
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Fig. 5. (a) (b) S21(dB) values of CFRPs inserted with
various diameters of Teflon film under the testing
angles of 45° and 90°; (c) detection sensitivity at 10
GHz; The influence of delamination size on the
detection sensitivity was investigated by changing
the delamination areas reproduced by inserting
Teflon films with different diameters (®5, ®10 and
®15cm). These were remarked as CFRP (Teflon
®5cm), CFRP (Teflon ®10cm) and CFRP (Teflon
®15cm), and they exhibited delamination areas of
9.8%, 39% and 87.9%, respectively. Fig. 5(a) and
Fig. 5(b) show the relationship between the varia-
tion in SE value and the delamination area at the
incident angles of 45° and 90°, respectively. The
greater the delamination areas, the more EM waves
were attenuated due to the delamination damage in
the CFRP composites. This means that the delami-
nation size could be detected using the proposed
EMW-NDT method.

shown in Fig. 5(c), which means the diameter of delamination area

G —e— CFRP(Teflon ¢15c¢m)-90°
~ 12 W
)
2
e 1"
10
9 1 1 1 1 1
4 6 8 10 12 14 16
Frequency(GHz)
Table 2

could be predicted by the above formulas.

Skin depth and detection sensitivity AS2;(dB) of CFRPs with different incident

angles at 10 GHz.

Incident angle of EM wave 0° 45° 90°
Skin depth § (mm) 0.0459 0.742 1.221
Detection sensitivity (dB) 0.46 0.78 0.67

3.3. Detection sensitivity of delamination thickness by AS»; (dB)

The delamination thickness is another critical quantitative index for
evaluating the damage and service life of CFRP composites. Fig. 6(a)

shows the fabrication process of the CFRPs with different delamination
thicknesses, which were reproduced using the insertion of 0.2 mm and
0.4 mm thick Teflon films.

As discussed in the previous section, the lower detection sensitivity
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Fig. 6. (a) Preparation process of CFRP inserted with different thicknesses of Teflon film; (b) (c) SE values at the incident angles of 45° and 90°.

at the fiber direction was mainly due to the smaller skin depth and poor
transmit ability of the EM wave at the 0° incident angle, and thus, the
detection sensitivity to the delamination thickness was investigated at
the incident angles of 45° and 90°. A clear difference in SE value could
be observed in the entire frequency range of 5-15 GHz as shown in Fig. 6
(b) and (c), where the SE value increased with the increment in
delamination thickness. The largest detection sensitivity of the CFRP
with a 0.4 mm delamination thickness was 2.23 dB as shown (Table 3),
which means the sensitivity of the thickness change was around 5.6 dB/
mm. Thus, it can be concluded that the delamination thickness inside
CFRPs can be identified successfully by the EMW-NDT method at an
incident angle of 45° and/or 90°.

3.4. Detection of crack damage

To investigate crack damage, a slit was reproduced in the unidirec-
tional CFRP samples. Two types of slit, one vertical and one parallel to
the fiber direction, were introduced. Fig. 7 (a) shows the SE results for
the two slits. When EM waves penetrate into CFRP composites, the
displacement current will be coupled to the surface of the CFRP to create
a magnetic field perpendicular to the current, as shown in Fig. 7 (a). An
electromotive force running opposite to the induced current is then
formed, which is known as the “skin effect” [42]. The EM waves will be
attenuated by this skin effect when penetrate through the CFRP com-
posites. Therefore, the continuity of the induced current path plays a

Table 3
Detection sensitivity AS21 (dB) of delamination thickness at 10 GHz.

Specimen 45° testing angle 90° testing angle
S21(dB) AS3; (dB) S21(dB) ASy; (dB)

CFRP 16.68 / 10.41 /

CFRP (Teflon 0.2 mm) 17.34 0.66 dB 11.09 0.69 dB

CFRP (Teflon 0.4 mm) 18.5 1.82dB 12.64 2.23dB

vital role in EMI shielding performance. When the electric field of the
incident EM wave ran parallel to the carbon fiber direction (0°), the
vertical slit blocked the current path of the CFRP and caused greater
obstruction and discontinuity for the induced current than the parallel
slit, as shown in Fig. 7(a). All of this caused the significant decrease in SE
values with the existence of slits in the CFRP composites, with the ver-
tical slit leading to more EM leakage, resulted in the lower SE values, as
shown in Fig. 7(b). Thus, it can be concluded that both the slit and the
slit orientation can be identified successfully at a 0° incident angle.

When the incident angles were 45° and 90°, an interesting result
emerged in that the EMI SE values of the vertical-slit CFRP were higher
than with the parallel-slit CFRP, as shown in Fig. 7(c) and (d), which was
the opposite to the result at the 0° incident angle. This was because the
incident angle between the slit and the electric field direction deter-
mined the EMI shielding performance of the CFRP. Taking the 90°
incident angle as an example, the parallel-slit CFRP, in which the slit was
perpendicular to the electric field of the EM waves, led to greater
discontinuity of the incident current, which resulted in a lower SE value.
In addition, the SE value difference between the vertical-slit CFRP and
the parallel-slit CFRP at the 0° test angle was larger than that at the 90°
incident angle, as shown in Fig. 7(b) and (d). It can be concluded that the
EMW-NDT method could be applied to identify the slit orientation on
the CFRP composites, while the attention must be paid to the evaluation
criteria when using various incident angles.

3.5. Detection sensitivity of slit length by AS2; (dB)

The influence of the slit length in the vertical-slit type was investi-
gated. Here, vertical slits with various lengths (2, 6 and 10 cm) were
introduced in the unidirectional CFRP, with the width of the slits around
0.1 mm, as shown in Fig. 8 (a). As Fig. 8 (b) shows, a clear difference in
SE value with the slit length change was observed at the 0° incident
angle, with strong peaks appearing at 10.2 GHz. Meanwhile, the best
detection sensitivity appeared at the 0° incident angle under 8 GHz as
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shown in Fig. 9. For the 45° and 90° incident angles, although their
detection sensitivity was lower than that of the 0° incident angle (Fig. 8
(c), (d)), it was sufficient to determine the slit length of CFRP composite
by the detection sensitivity. The results show that the detection sensi-
tivity value increased almost linearly with the increment of the slit
length (d), which can be expressed approximately by the linear equation
as follows:

ASy(dB)=0.611 x d + 3.79for the 0° incident angle ae)

AS»(dB)=0.179 x d + 0.272for the 45° incident angle a7

AS>(dB) =0.066 x d + 0.528for the 90° incident angle 18)

As shown in Fig. 9, the predicted detection sensitivity values by the
above equations are in good consistent with the experimental result, that
means the slit length could be predicted by the proposed formulas.
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4. Conclusions

A novel NDT method (EMW-NDT) for assessing the damage in CFRP
composites was presented in this study. The detection capacity of the
EMW-NDT method in relation to the delamination and crack damage
was investigated and identified systematically. Besides, the effect of the
incident angle of the EM wave on the detection sensitivity for CFRPs was
also comprehensively discussed. The results indicated that delamination
damage with different sizes and thicknesses could be identified with
high detection sensitivity using the proposed method. Then, a reason-
able detection sensitivity in the damage volume change of delamination
was confirmed, with the damage aera ratio of 12.6%/dB and a thickness
change of 5.6 dB/mm. In terms of crack damage, both the slit and its
length were detected, with the slit direction also identified successfully
based on the characteristics of EMI shielding anisotropy in CFRPs. The
result also shows that the incident angle of the EM wave plays a vital role
in detection sensitivity due to the skin effect. The EMW-NDT method is
based on the electromagnetic wave technique and is contactless, which
means a coupling medium is not required in the detection process. It is
proved that the proposed method can be applied to the damage detec-
tion of CFRP composites, which is both rapid and efficient. As such, the
proposed EMW-NDT method exhibits vast potential for NDT application
of CFRP composites and uses in various fields.
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