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1 | INTRODUCTION

In today's society, metal structures show wide-spread
applications in aviation, automobiles, hoisting machin-
ery, construction, and other fields. However, metal struc-
tures generally suffer inevitable fatigue cracks produced
during long-term use which account for about 50%-90%
of the failure of metal structures according to incomplete
statistics." In order to prevent serious accidents caused by
cracks in the metal structure, the development of real-
time monitoring technique of the formation of these
cracks is crucial.

In recent years, many crack detection technologies
have been developed. Eddy current, for example, is a
commonly used method to detect cracks in metal struc-
tures as it does not require coupling or contact with the
tested part and has high-detection sensitivity. However,
eddy current testing is difficult to quantify cracks, and
can only detect cracks near the surface which makes it
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Crack detection of metal structures is an important procedure to ensure the
safe operation of metal structures. In this work, a metal crack sensor based on
a highly conductive flexible graphene film is proposed. The sensor is designed
based on conformal microstrip antenna composed of a flexible graphene film
radiation patch and a flexible dielectric substrate. The prepared sensor
exhibited a detection sensitivity of 36.82 MHz/mm demonstrated by both
experimental and simulation results. Moreover, benefiting from the flexible
nature of the graphene film, the proposed sensor shows good conformality
which makes up the shortcoming of the traditional rigid crack detection
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difficult to detect some unreachable areas.>> Also, the
lift-off effect on the signal strength of eddy current moni-
toring also restricts the use of eddy current detection.*>
Ultrasonic signal detection, on the other hand, has the
ability to detect the cracks deep beneath the surface.
However, ultrasonic detection requires transmitting and
receiving devices, and the signal processing process is
complicated.>” The optical fiber sensor is considered to
be a very promising sensor, which has the advantages of
high sensitivity and distributed arrangement but with
prohibitive cost.®*** A spoof surface plasmon polaritons
(SSPPs) sensor based on liquid switch control is proposed
to detect metal surface cracks, the detection method is
based on the change of reflection coefficient of SSPPs
sensor caused by cracks.'> However, the structure of this
sensor is more complex, and the switch type should be
used for control. In the meantime, microstrip antenna
sensors not only have the advantages of small size, light-
weight, low profile, and easy conformal,'*'* but can also
carry out real-time monitoring of the measured object in
a portable way. In 2010, Mohammad and Huang
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proposed crack detection based on microstrip antenna
sensors and achieved a detection sensitivity of 22.1 MHz/
mm."> In 2012, Mohammad reported the detection of
crack direction using microstrip antenna sensor for the
first time in which they utilized the two basic radiation
patterns of TM,, and TM, of the rectangular microstrip
antenna to reflect the direction of the crack.'® In 2017,
Liu proposed a microstrip antenna sensor as crack detec-
tion in FRP-strengthened steel structure.'” In 2018, Ke
proposed a crack identification algorithm based on “crack
flux,” and verified that through experiments.'® In the same
year, Marindra proposed a chipless RFID sensor tag for
metal crack detection and characterization.'® In 2019, Dong
designed a wireless passive sensor based on microstrip
antenna for metal crack detection and characterization, but
the sensor designed in this paper can only detect the width
of the crack.”” In the same year, Zhang proposed a con-
figurable dielectric resonator based passive wireless sensor
for crack monitorin.' In 2020, Xu designed an radio fre-
quency identification (RFID) tag antenna to realize wireless
detection of surface cracks on metal structures.” Although
the above studies have proved that the microstrip antenna
sensor can detect cracks in metal structures, the detected
metal structures are mainly planar structures, and the mon-
itoring sensitivity needs to be further improved. Traditional
antenna sensors are usually made of metals such as copper
and aluminum.”*** However, the metal structures have
poor flexibility and are not easy to conform to curved
structures,® which limit their applications in crack detec-
tion of curved metal structures. Even though it is men-
tioned in the reference that TE;; wave is used to detect
cracks in curved metal structures.”> However, this method
cannot reflect the relevant information of cracks. In addi-
tion, antenna sensors based on metal structures have poor
corrosion resistance, making it difficult to work stably for
long time in harsh environments. At the same time, the
rapid development of modern society requires antenna sen-
sors to be lighter and more environmentally friendly. These
problems greatly restrict the use of the microstrip antenna
sensor based on metals.

Graphene, as the thinnest and lightest two-dimensional
material composed of carbon atoms, has high electrical and
thermal conductivity, as well as good flexibility.*** In
addition, as a carbon material, graphene has better chemi-
cal stability and adaptability to harsh environments than its
metal counterparts.®® Due to the excellent flexibility of
graphene, it has been used in various wearable antennas
such as pressure sensor,” ultra-wideband antenna,** near-
field communication (NFC) tag antenna,* dual-band con-
formal antenna,>* and millimeter wave antenna array,35
which proves that graphene can be used in flexible devices.

In this article, a conformal microstrip antenna sensor
based on flexible graphene film is proposed for crack

detection suitable for curved metal structures. The
radiation patch was processed by laser engraving with
an overall antenna dimension of 25 x 30 x 0.027 mm">.
Combining the simulation and experimental re-
sults, the detection sensitivity was determined to be
36.82 MHz/mm on curved metal surface. Thus, the
metal crack sensor based on flexible graphene films
proposed in this article has important application
value for the crack detection of metal structures, espe-
cially nonplanar metal structures.

2 | PRINCIPLE AND
CONFIGURATION
2.1 | Graphene sensor design

The microstrip antenna consists of a three-layer struc-
ture, the upper radiation patch, the middle dielectric sub-
strate, and the bottom metal ground plate. Considering
the configuration of the patch antenna and the fact that
any good conductor can be grounded. The graphene radi-
ating patch (G-patch) and the flexible dielectric substrate
are compounded together to form an antenna sensor use
an adhesive to paste the antenna sensor onto the surface
of the metal structure to be tested, as shown in
Figure 1A. The graphene conformal microstrip antenna
sensor includes a G-patch and a flexible dielectric sub-
strate, and the metal structure used as a ground plate to
form a conformal microstrip antenna. The graphene
antenna sensor uses a microstrip antenna side-feed
method to excite two radiation modes TM;, and TM,,, as
shown in Figure 1B. Figure 1B shows the top view of the
graphene metal crack sensor. In this article, polyethylene
terephthalate (PET) is used as the flexible substrate. The
thickness and dielectric constant of PET are 0.5 mm and
3.5, respectively. The loss tangent of PET is 0.01. The flex-
ible graphene sensor is attached to a metal aluminum
cylinder with radius of 50 mm. The specific dimensions
of the graphene sensor are given in Table 1.

In this case, the metal structure acts as a metal gro-
und plate, and the formed conformal patch antenna sen-
sor can sense certain physical changes of the metal
structure. There are three directions of cracks on the
metal grounding plate, along the width direction
(W-crack), length direction (L-crack) and inclination
direction (I-crack) of G-patch. It should be noted that the
inclination angle of the I-crack in the simulation and
experiment is 45 degrees. For example, when no crack
appears on the metal structure (Figure 1C) to be tested.
The currents of the two basic radiation modes of the con-
formal microstrip antenna will be along the length and
width of the metal ground plate respectively. When crack
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(A) Side view of schematic illustration of graphene cylindrical conformal microstrip antenna sensor structure, (B) top view

of schematic illustration of graphene cylindrical conformal microstrip antenna sensor structure, (C) current flow without crack, (D) effect of
W-crack on current flow, (E) effect of L-crack on current flow, (F) effect of I-crack on current flow

TABLE 1 Detailed parameters of the designed graphene sensor
Parameter Values (mm) Parameter Values (mm)
w; 25.00 L 30.00
w 50.00 l 60.00
P 225 y 8.00
X 17.87 t 1.25

appears on the metal structure to be tested, it will affect
the current path on the ground plate of the conformal
antenna as shown in Figure 1D-F. The current path
becomes longer due to the occurrence of cracks, and
cracks in different directions have different effects on the
two basic mode currents. According to transmission line
theory,® the resonant frequency of the antenna sensor is:

e @] W

1/2
(o) (o) |
I+ Alerger W+ AWeraek

c
crack) =

(2)

In Equations (1) and (2), ¢ is the speed of light, ¢, is
the equivalent dielectric constant of the dielectric sub-
strate, [ and w are the length of the corresponding mode
current and m and n are the pattern numbers of the

antenna. Al and Aw,,,. are the increment of the cur-
rent path caused by the crack It can be seen from
Equation (1) Equation (2), when cracks appear, the reso-
nant frequency of the antenna will decrease.

2.2 | Graphene sensor simulation

In order to verify the ability of the graphene sensor to
detect cracks in curved metal structures, electromagnetic
simulations were carried out using CST STUDIO SUITE
software. Cracks with width of 1 mm and varying lengths
of 0, 4, 8, 12, 16, and 20 mm were designed on the
grounding plate. For each dimension of the crack, three
possible orientations were taken into account, I-crack
inclined at 45 degrees. As shown in Figure 2A, for the
L-crack, as the crack expands, the resonant frequency fy;
of the crack sensor along the x direction mode TM; con-
tinued to decrease, while the resonant frequency fo of
the TM;o mode along the y direction was not affected.
For the W-crack, as the crack expands, the resonant fre-
quency fio of the TM;, mode along the y direction contin-
ued to decrease, while the resonant frequency fy; of the
TM;o, mode along the x direction showed negligible
change as shown in Figure 2B. In addition, for the crack
formed along the off-diagonal direction, the resonance
frequencies in both directions were affected to some
extent (Figure 2C). It should be noted that the different
length of the crack leads to the different impedance of
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Simulated results: (A) the frequency response of graphene sensor to L-crack, (B) the frequency response of graphene sensor

to W-crack, (C) the frequency response of graphene sensor to I-crack, (D) current distribution of TMy; mode on ground plate without crack,
(E) current distribution of TM;, mode on ground plate without crack, (F) current distribution of TMy; mode on ground plate with L-crack,
(G) current distribution of TM;, mode on ground plate with L-crack, (H) current distribution of TMy; mode on ground plate with W-crack,
(D) current distribution of TM;, mode on ground plate with W-crack, (J) current distribution of TMy; mode on ground plate with I-crack,

(K) current distribution of TM;, mode on ground plate with I-crack

antenna sensor. When there is no crack, the input imped-
ance of the antenna sensor can be well matched with the
characteristic impedance of the feeding microstrip line.
With the expansion of the crack, the impedance mis-
match between the antenna sensor and the feeding
microstrip line becomes more and more serious, resulting
in the decrease of |S;| depth at the resonant frequency.
Next, the influence of crack on resonant frequency is
analyzed from the perspective of current. The current dis-
tribution of the ground plate of the graphene conformal
microstrip antenna sensor is shown in Figure 2D-K. From
Figure 2D,E, it can be seen that when there is no crack on
the curved metal grounding plate, the current distribu-
tions of the TMy; mode and TM;, mode are along the
x and y directions respectively. When cracks formed along
the y direction on the curved metal grounding plate, the
original TMy; mode current flow in the W direction chan-
ged, causing the TM,; mode current to flow around the
crack, thereby increasing the effective electrical length of
the antenna as shown in Figure 2F. From Equation (1), it
can be seen that the resonant frequency of the antenna

TMy; mode will decrease. Figure 2G shows that the crack
along the y direction has little effect on current distribu-
tion of the TM;, mode along the y direction, so its influ-
ence on the resonant frequency of the antenna's TM;,
mode is also very small. Similarly, from Figure 2H,I, it
can be seen that the crack along the x direction changes
the current distribution of the antenna's TM;, mode, but
has little effect on the TMy; mode. Also, for the crack ori-
ented off-diagonally with both x and y components, the
current distribution of both the TM;, and TM,; modes are
affected (Figure 2J,K).

So when a crack forms on the metal structure, it will
affect the current distribution on the metal ground plate.
Depending on the direction of the mode, the two modes
for TMy;, and TM;, will be affected differently and the
current mode affected by different crack directions is dif-
ferent, which will shift resonant frequency of different
antenna modes. Therefore, the length and direction of
the crack on the metal ground plate can be reflected by
measuring the change of the TM,;, and TM,, resonant
frequencies of the conformal microstrip antenna.
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FIGURE 3 (A) Current distribution of TM;, mode on metal grounding plate, (B) current distribution of TMy; mode on metal grounding

plate, (C) the influence of different positions of cracks on the y-axis on the resonant frequency of the sensor, (D) the influence of different

positions of cracks on the x-axis on the resonant frequency of the sensor

2.3 | Cracklocation and angle
It should be noted that in the above simulation and sub-
sequent experiments, the crack occurs in the middle of
the corresponding area of the metal grounding plate radi-
ation patch. The influence of different positions of cracks
on the ground plate on the resonant frequency of the sen-
sor is different (as shown in Figure 3). As shown in
Figure 3A,B, We can see that the current distribution of
TM;, mode or TMy; mode on the metal grounding plate
is limited to the area corresponding to radiation patch
and there is no current distribution at other locations of
the metal grounding plate. So cracks can be detected only
when they appear in the corresponding area of the radia-
tion patch on the ground plate. At the same time, it can
be found that the current distribution of TM;, mode and
TM,; mode is uneven. The current in the middle of the
distribution area is large and the current at the edge is
small. So the crack appears in the middle of the mode
current distribution region, which has a greater influence
on the resonant frequency of the sensor than the edge as
shown in Figure 3C,D.

Figure 4 shows the influence of the same crack on the
resonant frequency of the sensor at different angles.

3.2
- TMW o e
Q 3-0 - _,,_T ,’W‘/’Wb—‘
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= 3
g 3
g 26
€ |
S 24|
= -
e L
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2.0 PR U U ST ST I S S
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FIGURE 4 Effect of crack angle on resonant frequency

When the crack changes from 0 to 90 degrees, the reso-
nant frequency of TMy, mode will continue to rise, which
shows that the influence of crack on TM,; mode becomes
little, while the resonant frequency of TM;, mode will
continue to decline, and the influence of crack on TM;,
mode becomes great. The angle information of crack can
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(A) A model airplane made of graphene film, (B) graphene film and copper foil folded test, (C) cross-sectional scanning

electron microscope (SEM) image of graphene film, (D) the flexibility and mechanical stability test of graphene assembled films

be reflected by the change of resonant frequency of sen-
sor TMy; mode and TM,, mode.

3 | FABRICATION AND
MEASUREMENT
3.1 | Graphene assemble film

Figure 5A shows an airplane model made of graphene
film, demonstrating excellent flexibility of the
graphene film. It can be seen from the cross-sectional
scanning electron microscope (SEM) image (Figure 5C)
that the thickness of the flexible graphene film is
~27 um. At the same time, the cross-sectional view
also shows that the graphene film is a layered structure
composed of graphene nanosheets, which provides
good flexibility for the graphene film. To further verify
the flexibility and mechanical stability of the flexible
graphene film, a bending test is carried out as shown in
Figure 5D. The relative resistance of the graphene film
shows a constant value, which show that graphene film
has good mechanical stability and flexibility. In
Figure 5B, the surface of the graphene film is still very
flat after 20 times of folding in half. However, the cop-
per foil has broken after being folded in half for
20 times.

3.2 |
sensor

Processing and testing of graphene

The manufacturing process of the graphene antenna sen-
sor is shown in Figure 6A. The fabrication of graphene
radiation patch was achieved by the laser engraving
machine to remove the unwanted parts and then com-
pressed with the PET substrate to form graphene sensor
which is shown in Figure 6B. Finally, the prepared
graphene sensor was conformed to the metal structure to
be tested. The test environment of the graphene sensor is
shown in Figure 6C. The graphene sensor is connected to a
vector network analyzer (VNA) through a coaxial cable to
test its frequency response curve. In order to detect the
crack growth, a metal aluminum cylinder with R = 50 mm
and a thickness of 1 mm was loaded with metal cracks
with a width of 1 mm and a length of 4, 8, 12, 16, and
20 mm. There are three directions of cracks, W-crack, L-
crack, and I-crack. The metal structures and cracks were
processed by a metalworking company (Shenzhen
Dezheng hardware mold Co., Ltd). The cracks are pro-
duced by laser cut according to the dimensions we provide.
The material of the metal structure is aluminum.

The resonant frequencies of the graphene sensor with
different crack lengths and directions are shown in
Figure 7A-C. The resonant frequency of the graphene
sensor decreased as the crack length increased. As shown
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FIGURE 6 (A) Fabrication procedures of graphene conformal metal crack sensor, (B) graphene metal crack sensor, (C) measurement of

graphene metal crack sensor
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FIGURE 7 Measure result (A-C) the resonant frequency response

to cracks oriented along (A) the y direction, (B) the x direction, and

(C) the off-diagonal direction. (D-F) Detection sensitivity of graphene metal crack sensor to cracks oriented along (D) the y direction, (E) the

x direction, and (F) the off-diagonal direction

in Figure 7A,B, cracks along the y direction and along
the x direction caused the resonant frequency of the
TMy; mode and the resonant frequency of the TM;,
mode to decrease, respectively, and there was almost no

effect on the other mode. In Figure 7C, the formation of
an off-diagonal crack with an inclination angle of
45 degrees caused the resonant frequencies of the TM;,
and TM,; modes to decrease simultaneously.
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Frequency offset response of graphene sensor to different metal cylinder radii: (A) TM;o mode, (B) TMy; mode

TABLE 2 Properties comparison of crack sensors in this work and references
Reference Size (mm) Material
21 rx12x12x9 Ceramic
19 35x15x0.035 Copper
15 15.24 x 12.7 x 0.065 Copper
17 40 x 28 x 0.05 Copper
18 40 x 28 x 0.05 Copper
20 22 % 20 silver
This work 30 x 25 x0.027 Graphene film

Figure 7D-F shows the detection sensitivity of
graphene metal crack sensor to cracks oriented along
the y direction, the x direction and the off-diagonal
direction respectively. In formula (3), f, is the resonant
frequency of the sensor itself when there is no crack and
fiis the resonant frequency of the sensor when the crack
length is I. It can be found that when the crack just
starts to expand, the sensitivity of crack detection is low
at about 11.90 MHz/mm. As the crack expands more,
the crack detection becomes more sensitive. Finally, the
sensitivity of sensor is about 36.82 MHz/mm. From
Figure 7D,E, we can see the sensitivity of L-crack is
larger than the sensitivity of W-crack because of the
length and width of graphene radiation patch are differ-
ent. This is because the antenna size corresponding to
the resonant frequency f,, is smaller, and the smaller
the size of the sensor, the higher the sensitivity of
detecting cracks

The detection effect of the sensor for cracks with differ-
ent curvature can be seen from Figure 8 that as the crack
length increases, the resonant frequency offset of the
graphene sensor will continue to rise, and the crack loading
on the metal ground plate with different curvatures will
affect the resonant frequency of the graphene conformal

Sensitivity (MHz/mm) Layers Metal structures
254 1 Flat structure

153 2 Flat structure
22.10 2 Flat structure
29.37 3 Flat structure
33.50 2 Flat structure
45.00 2 Flat structure
36.82 2 Curved structure

microstrip antenna sensor is similar, which proves that the
graphene conformal crack sensor has a good detection
effect for metal structures with different curvatures.

Sensitivity =

Table 2 provides the properties comparison between the
crack sensors in this work and references. Compared with
other methods in references, the crack sensor proposed in
this paper adopts flexible graphene film to realize conformal
design with nonplanar structure, which greatly expands the
application range of the sensor. In addition, the sensitivity
of GAF sensor is 36.82 MHz/mm. Although the sensitivity
mentioned in document 2 is very high, the sensor structure
in document 2 is complex, two horn antennas are needed
for detection, and the data processing is also complex.

4 | CONCLUSIONS

In conclusion, a metal crack sensor based on a flexible
graphene film is proposed in this article. The graphene
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sensor has excellent detection capabilities for cracks formed
in curved metal structures. It can not only detect the exis-
tence of cracks, but also detect the length and direction of
the cracks. The detection sensitivity is 36.82 MHz/mm.
Therefore, the graphene sensor has important application
value for the crack detection of metal structures, especially
for nonplanar metal structures.
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