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Abstract

A self-sensing Time Domain Reflectometry (TDR) method for Carbon Fibre Reinforced Polymer
(CFRP) laminates has been propped in the present study: carbon fibres are used as sensors using a
transmission line. Authors have published research articles of the self-sensing TDR method. The
self-sensing TDR method reduces number of required electrodes for damage detections although
the sensitivity of detection is sacrificed. A micro-strip line (MSL) method is adopted to obtain im-
pedance matching with a coaxial cable and successfully detected damage in a CFRP laminate in the
previous study. In the present study, a long curved MSL is experimentally investigated as an im-
pedance-matched transmission line for detection of damage of a CFRP laminate in wider area. Fi-
bre breakage is simulated as a hole made by drilling. As a CFRP laminate has strongly orthotropic
electric conductance and the electric properties of a CFRP laminate at the high frequency are not
clarified, the effect of the orthotropic conductance at the curved transmission line is experimen-
tally investigated. As a result, the effect of orthotropic conductance at the curved strip line is
shown to be negligible, and fiber breakage that locates closed to the copper strip line can be de-
tected by the self-sensing curved MSL method. It is, however, difficult to detect damage far from
the copper strip line.
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1. Introduction

Laminated Carbon Fiber Reinforced Polymer (CFRP) composites are widely adopted as primary structures for
aerospace components or automobile vehicles because the laminated CFRP composites have high strength and
high stiffness per density compared with conventional metallic materials. The laminated CFRP composites,
however, have a weak point at interlamina strength. Low velocity impact load causes damage in the interlamina,
and the damage is difficult to detect for visual inspections. For damage detections, several researchers have pub-
lished articles using electrical resistance changes: carbon fibres are used as sensors as well as structural rein-
forcements [1]-[12]. This is called self-sensing method. The self-sensing method has high performance to detect
damage in a CFRP laminate. The method, however, requires a lot of electrodes to identify damage location.

Time Domain Reflectometry (TDR) method is adopted for damage detection of structures. TDR method uses
pulse signal and a transmission line such as a coaxial cable. The pulse signal is transmitted in the cable, and the
damage can be identified from the reflected signal. Chen et al. [13] have embedded an internet cable in a con-
crete structure and tried to detect damage with the TDR method. Lin et al. have proposed strain measurement
method using a coaxial cable [14]. Obaid et al. adopted the TDR method to measure delamination crack length
with a cable mounted on a double cantilever specimen [15].

Authors have published research articles of self-sensing TDR method [16]-[19]: carbon fibres are used as a
transmission line as well as structural reinforcements. The self-sensing TDR method reduces number of required
electrodes for damage detections although the sensitivity of detection is sacrificed. A parallel late transmission
line [16] [17] and a micro-strip line (MSL) method [18] is adopted to obtain impedance matching with a coaxial
cable. The parallel plate model, however, requires a cumbersome conductive plate, and the single MSL method
detects damage only narrow space around the transmission line. In the present study, therefore, a long curved
MSL is experimentally investigated as an impedance-matched transmission line for detection of damage of a
CFRP laminate in wider area. Fiber breakage is simulated as a hole made by drilling. As a CFRP laminate has
orthotropic electric conductance and the electric properties of a CFRP laminate at the high frequency is not cla-
rified, the effect of the orthotropic conductance is experimentally investigated in the present study.

2. Principle of TDR Method for Damage Detection of CFRP

The TDR is usually used to detect internet cable disconnection. The method uses a high frequency signal in a
transmission line such as a pulse signal. After sending the pulse signal, the reflected pulse signal from the
transmission line is measured. The time difference between the reflected signal at the disconnected point in the
transmission line and the signal reflected at the end of the transmission line shows the location of the discon-
nected point. The TDR method requires a wave generator, an oscilloscope, and a target transmission line, as
shown schematically in Figure 1. To make a transmission line, two electric conductive materials and dielectric
material are requires. The dielectric material is sandwiched by the two parts of electric conductive material. For
the self-sensing TDR method, a CFRP laminate is selected as one of the electric conductive parts. The breakage
of carbon fibers means the disconnect point of the transmission line. The wave generator produces a pulse wave
signal, which is sent in the directional coupler. The signal propagates only into the target transmission line be-
cause of the directional coupler. Part of the signal is reflected at the input end of the transmission line because of
the slight difference of the characteristic impedance. The other signal propagates in the target cable. The signal
input in the target transmission line is divided into the reflection and transmission at the damaged point. The re-
flected signal returns back and measured at the oscilloscope. The time difference between the input signal and
reflected signal indicates the distance to the damaged point after multiplication by the speed. Using the TDR
method, the damage and its location can be measured. The distance L from the input end to the damage is calcu-
lated using equation [20].

V,AT
L=— @)

In that equation, V,, is the transmission velocity; AT denotes the time difference between the input signal and
the reflected signal. The transmission velocity V,, which is affected by the transmission line, is slightly lower
(approximately 0.6 - 0.9) than the velocity of light. Coaxial cables are used to connect the wave generator and
the oscilloscope, and impedance matching with the coaxial cable is indispensable for self-sensing TDR method.
The previous study reveals the impedance matching using a parallel aluminum plate [16], and MSL is also
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adopted in the previous study [18]. The impedance matching enables us to detect the reflected impulse signal
clearly.

In the previous study [18], fiber breakages closed to the transmission line can be detected. The MSL method,
however, requires a narrow strip line to get the best impedance matching. This indicates the single MSL as
shown in Figure 1 detects damage only within narrow space around the transmission line. In the present study,
therefore, a curved MSL is proposed for wide area inspection. The schematic representation is shown in Figure
2. Required equipments are completely the same as those of the single MSL in Figure 1. The only difference is
the transmission line comprising of copper strip and dielectric material (Glass Fiber Reinforced Polymer:
GFRP).

As shown in Figure 2, the transmission line has curved part and the total length of the transmission line is
longer than that of the single MSL. Similar to an optical fiber, the transmission line may transmit elec-
tro-magnetic signal to a curved MSL when the radius is four times larger than the width of the MSL [21]. This
curved MSL can be placed on a CFRP laminate to cover the surface area although there is uncovered space be-
tween the curved MSL. It is normal MSL method for isotropic conductive materials. The CFRP laminate, how-
ever, has orthotropic electric conductance. At the curved point, the electric conductance of the CFRP laminate in
the transverse direction is significantly different from that of the carbon fiber direction as shown in the reference
[22]. For example, the conductance ratio aeo/ao = 3.2 % 10 ° (o is electric conductance in the fiber direction and
ogo IS electric conductance in the transverse direction) for carbon/epoxy IM600/133 composites (Toho Tenux Co.
Ltd., Japan). At the curved transmission line, the electric conductance of the CFRP in the transmitted direction
changes significantly. In the present study, therefore, the curved MSL method is experimentally investigated.

3. Experimental Method of Curved MSL

Figure 3 shows the specimen configuration used in the present study: the length is 1600 mm, the width is 200
mm and thickness is 2.6 mm. Stacking sequence of the CFRP plate is quasi-isotropic [0/+45/0/-45/90/+45
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Figure 1. Schematic representation of self-sensing
single-line TDR method for damage detection of a
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Figure 3. Specimen configuration.

/0/-45/90]S. The material used to fabricate the CFRP laminate is Toray T800S/3900-2B prepreg (180°C x 2 hr x
0.59 MPa). After fabricating the CFRP laminate of 1600 mm length, a GFRP laminate of 1 mm thickness (1590
mm length and 200 mm width) is attached on the CFRP laminate as dielectric material using epoxy adhesive.
For a transmission line, a couple of conductive material is required. For the another conductive material, copper
tape of 2 mm width (0.025 mm thickness) is used to make a curved MSL. The impedance of the MSL is 49.6 Q,
which is calculated with the formulas shown in the reference [18]. At the curved part of the transmission line,
copper plate of the same thickness is used and connected with soldering as shown in Figure 4. As mentioned
before, the spacing between the two lines must be four times larger than the width of the strip. In the present
study, therefore, the inner diameter of the curved part is 9 mm.

To obtain the low electrical contact resistance at the input terminal of the CFRP laminate, an electric copper
plating method is used [23]. At the input end of the transmission line, the CFRP laminate is used as electric
ground and the copper strip is used as a signal line. The experimental set up is shown in Figure 2. A function
generator AFG3251 made by Tektronix Inc. (1 ch, Max 240 MHz) is used to generate pulse signal. The pulse
wave is shown in Figure 5: the amplitude is 5 V and the half-band wise is 4 ns. Although the amplitude of the
generated signal is 5 V, the amplitude of the input signal is almost 1 V because of the mismatch between the
coaxial cable and the self-sensing transmission line. A directional coupler of ZFDC-10-5 (Mini-Circuit) is
adopted to select pulse signal wave reflected from the specimen. To measure the reflected pulse signal, oscil-
loscope TDS5034B (Tektronix, sampling 0.02 ns) is used. Copper mesh strip of 0.16 mm thickness (wire di-
ameter is 0.08 mm, equivalent conductance that is calculated from the volume fraction is 1.5 x 107 S/m).

As damage, a mechanical hole is made using a drill of 6 mm diameter at the 760 mm distance from the input
end as shown in Figure 3. The edge of the hole is 1 mm distance from the copper strip line edge as shown in
Figure 6. This is named type A damage in the present study. After measurements, the drill hole was extended to
the edge of the copper strip using filing as shown in Figure 7. This is named type B damage. These two types of
model damage are experimentally investigated.

4. Results and Discussion

Figure 8 shows the measured results of reflected signal without damage. The abscissa is the time and the ordi-
nate is the measured voltage of the reflected signal. The input arrow means the position of the end of the time
zone affected by the input terminal. The end arrow means the position of the start of the time zone affected by
the end terminal. The time zone between the input arrow and the end arrow is, therefore, the measured gage area.
The curve arrow means the location of the curve that is calculated from the time difference. Although the radius
of the curved strip is four times larger than the width of the copper strip, the small refection is observed at the
start point and the end point of the curved copper strip. The both reflection from the start point and the end point
of the curved copper strip means that the signal is reflected at the soldering point as shown in Figure 4. As there
is no signal reflection at the middle in the curved point, it is understood that the electrical resistance difference
between the fiber direction and the transverse direction at the CFRP surface does not affect the TDR method.
When a perfectly connected curved MSL is used, the curved MSL is effective for damage detection.

Figure 9 shows the measured results of the type A damage. The abscissa is the time and the ordinate is the
voltage difference between the intact result shown in Figure 8 and the results with type A damage. As shown in
Figure 8, there are many noise reflected signals, and the reflected signal from the damage is not clearly ob-

served.
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Figure 7. Extended fiber (type B) breakage

using filing.
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Figure 8. Measured reflected pulse signal from the curved MSL without
damage.

4
Curve

31 Input End

2 | l l

AV, mV
o

Damage (A)

-4 . . . I .
0 10 20 30 40 50 60

Time, ns

Figure 9. Measured reflected pulse signal difference from the curved MSL

with damage type A.



A. Todoroki et al.

Figure 10 shows the measured results of the type B damage. The abscissa and the ordinate are the same as
those of Figure 9. At the damage expected point, the clear reflected signal is observed as shown in Figure 10.
This indicates that the damage closed to the copper strip line can be detected by using the self-sensing curved
MSL method.

Table 1 shows the calculated results of the velocity of transmission wave and accuracy of damage location
detection from the self-sensing curved MSL method. The method has good performance for finding damage
closed to the copper strip line. It is, however, difficult to find damage far from the copper strip line as shown in
Figure 9. When the damage is apart by the distance of the thickness of dielectric material, the damage is not de-
tected. This is because the electro-magnetic wave energy is kept between the two conductive materials, and the
leaked wave energy is almost equal to the distance of the thickness of dielectric material.

The limit distance of the damage detection should be carefully investigated after clarification of the effect of a
CFRP laminate at the high frequency signal: difference materials of different conductance are stacked in a lami-
nate. This must be our future work.

5. Conclusions

The present study deals with a self-sensing curved MSL method to detect damage of a CFRP laminate. To in-
vestigate the effect of orthotropic electric conductance for the curved MSL, experimental studies are performed.
Fiber breakage damage of a drilled hole is detected using the self-sensing curved MSL. Results obtained are as
follows:

1) The effect of orthotropic conductance at the curved strip line is negligible. Using the self-sensing curved
MSL method, wide area of the CFRP surface is investigated compared with the single MSL method.

2) Fiber breakage that locates closed to the copper strip line can be detected by the self-sensing curved MSL
method.

3) It is difficult to detect damage far from the copper strip line.
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