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Abstract
This study deals with the durability tests of a new copper plated electrode process
for self-sensing or self-healing Carbon Fiber Reinforced Plastic (CFRP)
composites. The self-sensing or self-healing CFRP composites adopt carbon fibers
as sensors or actuators. The electrical contacts at the electrodes have a significant
effect on the self-sensing or self-healing ability. This research proposes a new
electric copper plated process for fabricating reliable electrodes. Using single-ply
specimens, electrical contact resistances after cyclic loading are measured. The
cyclic loading test is performed to investigate the long term durability of these new
electrodes. The new copper plated electrode was found to have high durability after
cyclic loading and is appropriate for the practical self-sensing or self-healing CFRP
composites.
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Carbon Fiber Reinforced Plastics (CFRP) composites have been applied to many
aerospace structures and components of transportation vehicles. Laminated CFRP
composites made by stacking unidirectional prepreg sheets are widely used for the
structural components. The laminated CFRP, however, has invisible defects such as
delamination cracks and matrix cracking. For the detection of these defects, a self-sensing
method has attracted attention in recent times. The self-sensing method adopts carbon fibers
as sensors. In previous studies, the electrical resistance of the target CFRP components has
been measured, and damage was detected as increases in electrical resistance (1)-(8). The
self-sensing method does not cause strength reduction and the method can be applied to
existing structures with the simple construction of electrodes on the surface of the CFRP
components. For self-sensing CFRP composites, it is important to make durable electrodes.
Park et al., proposed self-healing composites using mendable polymer and resistive
heating of carbon fiber composites (9). For self-healing composites, carbon fibers are used as
sensors to detect the damaged area, and the fibers are used again as actuators to heat the
target part of the CFRP composites for activation of the mending process. For the
self-healing composites, the fabrication process for making durable electrodes is one of the
significant issues.
Silver paste or conductive epoxy is the most commonly adopted technique for making
electrical contact between a lead wire and the carbon fibers. The material, however, is weak
and depends on the techniques of the workers, although the material does enable us to make
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electrical contact without complicated fabrication processes. The authors have adopted a
copper plating method for making electrical contacts with carbon fibers (10). The copper
plating method enables us to make electrical contacts without the dependence on individual
techniques and with small variance. The durability of the copper plating electrodes,
however, has not been investigated for the CFRP components.
This study focuses on the electrical copper plated electrodes for self-sensing or
self-healing CFRP composites. Even for the copper plated electrodes, lead wires must be
attached to measure electrical resistances. When the lead wires are soldered, the heat of
soldering causes debonding between the copper and carbon fibers. This study proposes a
new integrated wire copper plating method to avoid the debonding caused by soldering.
Tensile and cyclic loading tests are performed. The contact resistance of the copper plating
method is measured before and after cyclic loading to confirm its durability for practical
self-sensing or self-healing systems.

2. New copper plating electrode
Figure 1 shows the cross-section of the previous copper plating method described in
reference (10). In the previous study, the process for making copper plating electrodes was as
follows:
(1)
Polish the target CFRP laminate surface with rough sandpaper #240.
(2)
Mask everything but the target area with vinyl chloride tape.
(3)
Remove sizing around carbon fibers, using several drops of concentrated sulfuric
acid.
(4)
Clean the specimen surface.
(5)
Polish the surface with fine (#400) sandpaper.
(6)
Use silver paste to make electrical contact.
(7)
Perform the first electrical copper plating at low electric current density
(0.66 A dm-2) in a solution of copper sulfate for 30 minutes.
(8)
Perform the second copper plating at high electric current density (2.0 A dm-2)
for 30 minutes.
(9)
Clean the specimen.
(10) Dry the specimen.
(11) Bond lead wire by soldering.
(12) Cover the electrodes with epoxy adhesive.
(13) Post-cure treatment for the epoxy adhesive.

Lead Wire

Solder

300 µm
Copper plating

CFRP

Debonding

Fig.1 Cross-section of the electrodes made by previous method
As shown in Fig.1, debonding between the copper plating and carbon fibers is observed
under the soldered area. This debonding may affect the measured electrical resistance after
cyclic loading. Since the debonding occurs because of the thermal stress induced by the
soldering, a new method to prevent debonding is proposed here. To prevent the use of
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soldering, a lead wire is integrated with the copper plating. After the second copper plating,
a copper lead wire is placed on the surface of the electrode. A small part of the lead wire is
attached to the copper electrode using epoxy adhesive. After curing the adhesive, the set of
the lead wire and the specimen is placed again in a solution of copper sulfate. A small
electric current density of 0.66 A dm-2 is applied first for two hours, followed by a large
electric current density of 2.0 A dm-2 for 90 minutes. This process creates an integrated lead
wire without debonding as shown in Fig.2. After making the integrated electrodes, the new
electrodes are coated with epoxy resin to protect them from any handling damage. As
shown in Fig.2, no debonding is observed under the lead wire.

Additional

Lead Wire

Copper plating
Copper plating

CFRP

300µm

Fig.2 Cross-section view of the new copper plating electrode

3. Specimens and experimental method
The material used is unidirectional CFRP: Toray T300/3601 prepreg # P3060-15. The
cure condition of the prepreg is 180°C×0.7MPa×6hr. Two types of specimens are used. The
first type is a single ply unidirectional specimen. This type is used to measure the electrical
contact resistance of the electrodes. The second type of specimen is a four-ply
unidirectional specimen usually used for tensile tests and long cyclic loading tests.
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Fig.3 Configuration of a single-ply specimen
The single ply specimen is shown in Fig.3. This specimen is used to measure the contact
resistance of the electrodes using the two-probe method. CFRP laminates have a resin rich
layer between the plies. The resin rich layer has very low conductivity across the thickness,
and a non-uniform electric current may be obtained for the thick laminated CFRP. The
single-ply CFRP does not have the resin rich layer. Since the specimen thickness is only
0.15 mm, the electrodes of 10 mm are long enough to make the electric current uniform
across the thickness even for the strong orthotropic conductive materials. The measured
electric conductivity ratio is σ90/σ0=8.1×10-4 from reference (10).
Using the two-probe method, six patterns of electrical resistance can be measured: E1-E2,
E2-E3, E3-E4, E1-E3, E2-E4, E1-E4. The first three patterns are the measurements of the
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individual segments between the electrodes. The next two patterns are the measurements of
the sets of two segments. The last measurement is the set of three segments. The
measurement of electrical resistance with the two-probe method is illustrated in Fig.4.
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Fig.4 Schematic representation of two-probe method
Let R be the electrical resistance of the segment of CFRP, and r1 and r2 be the contact
resistances of the electrodes. The measurement of the electric current I and voltage change
V gives electrical resistance of V/I=R+r1+r2. The measured electrical resistance includes the
two contact resistance of r1 and r2. The electrical resistance R of CFRP is expressed as
follows:

R=ρ

L
S

(1)

Where ρ is resistivity, L is length and S is area of cross section.
When the length L is doubled, the true electrical resistance of the CFRP R doubles. If we
assume that the electrical contact resistance at each electrode is almost the same: r1+r2=2r
(where r is the average contact resistance of each electrode). This enables us to estimate the
contact resistance at the electrode. When the measured electrical resistance for contacts of
every pattern are plotted against the length Ls (the spacing between the two electrodes), the
measured experimental data must exist on a straight line and the initial (constant) value of
the straight line at zero spacing is equal to 2r.
In this study, the spacing Ls is set to 30 mm for E1-E2, E2-E3 and E3-E4. For conventional
metallic materials, the spacing between the adjacent electrodes should be 20 mm in this
specimen configuration. For the orthotropic CFRP composites, however, a uniform voltage
is not obtained at the edge of the electrode. This means the true spacing between the
electrodes (uniform electric voltage areas) exists in the area from 20 mm to 30 mm. The
illustrated contour plot of electric voltage is shown in Fig.5. This non-uniform electric
voltage makes it quite difficult to obtain the exact contact resistance at the electrodes.
However, the longer spacing brings a smaller slope to the plots. The smaller slope brings the
higher intercept at the perpendicular axis: the higher intercept means the smaller higher
resistance. This results in the maximum estimation value of the contact resistance when
30 mm is used as spacing.
Copper electrodes

20mm

Copper electrodes

20mm
30mm

(a) Isotropic material
(b) Orthotropic material
Fig. 5 Illustrated contour plot of electric voltage between electrodes
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After measuring the initial contact resistances for all the cases, tensile stress is applied
to the specimen. The maximum stress is 400 MPa, which is approximately 20 % of the
tensile strength of the unidirectional CFRP. For the laminated CFRP structures, the
compression strength is approximately 70 % of the tensile strength. The most important
fracture mode of CFRP structures is a compression after impact (CAI). For the CAI, the
fracture strain with visible damage is approximately 30 % of the compression fracture strain
of an intact CFRP plate. This means almost 20 % (= 0.7×0.3) of the tensile strength is the
practical maximum load of actual CFRP structures. Cyclic loading of 20 % of the tensile
strength is applied to the specimen during the measurement of the contact resistance. An
LCR meter of Hioki E.E. Corp. Type 3522-50 is used to measure the electric resistances
using an alternating current of 30 mA at 450 Hz. Since the phase angle of the alternating
current is almost 0°, the measured impedance can be regarded as the electrical resistance.
Usually, direct current measurement is affected by floating electric potential, and the
measured value is not stable. That is why an alternating current is applied for the
measurement of the electric resistance.

Fig. 6 Specimen configuration of tensile and cyclic loading tests
To confirm the durability of the new electrode, a tensile test and a cyclic loading test of
20 %-tensile strength are performed using a normal laminated unidirectional CFRP
specimen. The specimen configuration is shown in Fig.6. A four-probe method is adopted
here. The outer two electrodes are used to apply the electric current and the inner two
electrodes are used to measure the electric voltage change. The stacking sequence of the
specimen is [04]T. The curing condition and process for making electrodes are the same as
that previously mentioned. Since the tests adopt the four-probe method, partial debonding of
the electrodes may not affect the measurement of the electrical resistance.

4. Results and discussion
Figure 7 shows the measured electric resistance before loading. The abscissa is the
distance between the two electrodes used for the two-probe method. The ordinate is the
measured change in electrical resistance. These plots are approximated by a straight line
using the least-square-error method. The linear expression in Fig. 7 defines the relationship
obtained, and R2 is the coefficient of determination. The R2 is 0.99, which means the
linearity of the plots is very good. The y-intercept is 132.59 mΩ. This means the initial
contact resistance is 132 mΩ.
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Fig. 7 Resistance values for the various distances for the initial condition
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Fig. 8 Resistance values for the various distances after the first cycle loading

Figure 8 shows the measured results of the electrical resistance after the first cycle
loading. The R2 of the line obtained by using the least-square-error method is 0.99. The
linearity of the measured data is still very good. The y-intercept is 134 mΩ. Figure 9 shows
the results of the electrical resistance after the second cycle loading. The y-intercept is
almost the same as that of the initial one.
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Fig. 9 Resistance values for the various distances after the second cycle loading
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Fig. 10 Resistance values for the various distances after the third cycle loading
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Fig. 11 Resistance values for the various distances after the 100th cycle loading
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Fig.12 Measured contact resistance after various cyclic loadings
Figures10 and 11 are the measured results obtained after the third and 100th cycle
loading. From these results, the contact resistances are calculated from the y-intercept
values of the lines obtained with the least-square-error method. Figure 12 shows the results
of the calculated contact resistances. The abscissa is the number of cycles and the ordinate
is the calculated contact resistances. This figure shows there are no differences between the
calculated contact resistances.
Since the contact resistance is calculated from the extrapolations, the calculated values
may include experimental errors. To make sure that there is no difference in the results after
the cyclic loading a statistical similarity test between the initial linear equation and the
linear equation obtained after the cyclic loading is performed using the F-statistic (see
reference [11]). The results are listed in Table 1. Since all of the F0 (similarity test F-values)
are smaller than the limit level (F(2,8)0.05=4.46) under a significant level of 5 %, all the linear
equations are judged to be similar to the initial linear equation. From this statistical test, we
can assume that the contact resistance does not change at all.
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Table 1 F-test results of contact resistance after cyclic loading
（limit level F(1,9)0.05=5.12 under significant level of 5 %）
Cycle Number

Contact Resistance [mΩ]

F0

Before test

132.59

-

1st

134.74

0.087

2nd

132.23

0.066

3rd

133.16

0.060

100th

132.22

0.044

Figure 13 shows the results of the tensile test using the specimen shown in Fig.6. The
abscissa is the applied strain. The ordinate of the solid curve is the measured fraction of the
electric resistance change, and the ordinate of the broken curve is the applied stress. The
stress-strain relationship is almost linear up to the fracture stress (approximately 2400 MPa).
As shown in Fig. 13, the fraction of the electrical resistance change increases linearly with
the increase of the applied strain up to 4000 µ tensile strain. Over the 4000 µ strain, the
fraction of the electrical resistance change increases non-linearly. This increase after 4000 µ
of the fraction of electrical resistance change may indicate fiber breakages as shown in the
reference (1). Up to the fracture stress, the electrodes do not show a break by visual
inspection. Figure 13 shows that the new electrode is quite effective up to the tensile
fracture.
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Fig. 13 Fraction of electrical resistance change for the tensile test of [04]T.
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Fig.14 Fraction of electrical resistance change of cyclic loading test of [04]T.
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(a) Entire view
Copper plating

CFRP
(b) Cross section at the end of the electrode
Fig. 15 Cross sectional view of electrode after cyclic loading of 106 cycles
Figure 14 shows the results of the fraction of electrical resistance change for the cyclic
loading test. The abscissa is the number of the cycle, and the ordinate is the fraction of the
electrical resistance change. For measurements of the electrical resistance, the cyclic
loading test is stopped, and the average tension load is applied to measure the electrical
resistance. The measured electrical resistance is normalized by the initial electrical
resistance.
Figures 15 (a) and (b) show the cross sectional view of the electrode after the cyclic
loading of 106 cycles. The entire view of Fig.15 (a) shows there is no debonding after the
cyclic loading. The edge of the electrode is shown in Fig. 15 (b). This figure shows there is
no debonding even at the edge of the copper plating.
Since the four-probe method is applied to measure the electrical resistance in this test,
partial debonding of electrode does not affect the measurements. The decrease of the initial
fraction of electrical resistance change may be caused by the increase in the specimen
temperature. Reference [12] indicates that the fraction of electrical resistance ∆R/R0 of
CFRP decreases by approximately 0.01 for a 10°C increase in temperature. Since a
hydraulic servo testing machine was used here, heat of the hydraulic actuator was
conducted into the specimen, and caused a decrease in electrical resistance. The decrease
∆R/R0 of 0.007 comes from the increase in temperature of 7°C. This slight increase cannot
be recognized without using a thermocouple.
Since the applied maximum stress is only 20 % of the tensile strength, the load does not
cause breakage of the carbon fibers. Since the measurement is performed by stopping the
cyclic loading manually, the temperature may be different at each measurement. There are
some voids as shown in Fig.15. The increase in the fraction of the electrical resistance
change may indicate the voids affect the increase of electrical resistance change at the high
cyclic number. This must be investigated in our future work. We note that, at least, the new
electrode does not debond for up to 106 cycles of 20 % of the tensile strength. As described
before, 20 % of the tensile strength is the maximum load of the actual CFRP structure.
It is useful to know how to calculate the contact resistance for electrodes having
different area. Let us assume that all the electrical copper plating has the same thickness Lc
and resistivity ρc. Equation (1) tells us that the contact resistance of the two electrodes 2r
can be calculated when we know the value of 2ρcLc=2rA. For the copper electrode, the
value of 2ρcLc=3.96×10-5 [Ωm2]. We can calculate the contact resistance of the copper

618

Journal of Solid Mechanics
and Materials Engineering

Vol. 4, No. 6, 2010

electrode by dividing the value of 2ρcLc by the area A of the electrode.
For compression loading, effect of the shear stress is not different from the obtained
results of the present study. In the thickness direction, epoxy coating is done here to prevent
debonding. Although experimental researches for the compression loading are required for
the practical application to confirm the effectiveness of the electrodes, the method may be
effective for the compression loading. This is our future work.

5. Conclusions
This study focuses on the durability tests of a new copper plated electrode. The ability
to make a durable electrode is important for self-sensing and self-healing CFRP composites.
This research proposes a new electric copper plating method to fabricate the electrodes.
Electrical contact resistances after cyclic loading were measured using single-ply specimens.
A fatigue test was performed to investigate the long term durability of the new electrodes.
The results obtained were as follows:
(1) The new wire-integrated electrode was free from debonding.
(2) The new electrode had very small initial contact resistance.
(3) Even after loading of 100 cycles, the contact resistance of the new electrode kept
constant at a low value (the applied maximum stress is 20 % of tensile strength).
(4) Up to the tensile strength, the new electrode was effective in measuring electrical
resistance change.
(5) Even after the 106 cycles of 20 % of the fracture strength, the new electrode was free
from debonding. This indicates the new electrode is suitable for actual self-sensing and
self-healing CFRP composites.
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