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Abstract: Carbon fibers have high electric conductivity, while the matrix surrounding them is an insulator. Carbon fibers can
be represented in materials as some resistors. If a fiber breaks, the current can not pass through this fiber. Thus the electrical
resistance material will increase because the current will have to find another route. In this study, the electrical resistance
change method is used. Two type of cross-ply laminate composites is used in this study: carbon fibre reinforced
polypropylene and epoxy matrix. First, the composites production and set-up used is presented. Then, tensile tests on the
laminate are performed. The influence of fibre volume fraction on the measurements is examined. It may be concluded that
the volume fraction of fibres has a somme influence on the resistance change. If the fibers volume fraction is higher, the
contact between fibre is greater and the resistance is lower, but during the test, its value increases with applied load.
Keywords: Composites, CFRP, Carbon Fiber, Electrical resistance change

1. INTRODUCTION

Carbon fiber reinforced polimer-matrix composites (CFRP) have become in recent years the basic material used
in many engineering areas where high mechanical properties (i.e. stiffness, strength, etc.) and light weight is
necessary. In general, CFRP is formed intro laminated structures made from unidirectional prepreg or woven
fabric sheet, positioned in different stacking sequences. To detect internal damage like matrix cracks or
delamination is very difficult because this damage is not visible from the outside of structure.

Several NDT techniques (e.g. ultrasound, radiography, thermography, acoustic emission, etc.) have ben
developed for structural healt monitoring and detected of damage in composites structure. However, these
techniques require expensive equipment, extensive human involvement and often, inspected structure must be
switched off. Fiber optic sensor or piezoelectric senzor is a “sesitive” materials used for health monitoring of
composites structures [1-4]. One disadvantage of using them it is their tendency to compromise the structural
integrity of the host components.

Electrical resistance change method (ERCM) is of great interest as an in-service structural health monitoring
system for CFRP [5-11]. This method is employed to detect the internal damages of CFRP like matrix cracking
[5,6], delamination [7,8,9] or fiber breakages [10,11]. The electrical resistance change method does not require
expensive instruments. Since, the method adopts a reinforcement carbon fiber it self as a sensor, and it does not
requre additional sensors except for electrodes to make contact with carbon fibers in the CFRP structures.
Therefore this method is called “self-sensing method”, and the basic principle is that the damages due to carbon
fiber breakage or delamination in the laminate will cause an increase in electrical resistance, resulting in voltage
change in the damaged region. To measure resistance, a current is introduced in the materials through the
electrodes and the voltage is measured. In literature, there are two measurement techniques [5-17]: (i) the two-
probe technique, which means that the voltage is measured on the same electrodes where the current is
introduced; and (ii) the four-probe technique, where the first two contacts are needed for the current injection
and the voltage is measured with the other two. The first technique is mostly used in tests in which current is
introduced by bonding electrodes on opposites edges or on the surface of the sample. They provide a better
contact with carbon fibers in the edges of the samples [17]. Most research on the use of electric resistance
change method was performed on unidirectional composites, and this is because current flows more easily in the
direction of fibers and measured resistance is much higher [12-17]. In transvers to the fiber and in the specimen
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thickness direction, the current will flow with more difficulty because the fiber is isolated of the resin and are
coated with agents for interface strength improvement. In this case the transverse and thickness conduction can
only be achieved via fibre to fibre contact from many longitudinal paths. This means that transverse resistivity
will also be a function of fibre volume fraction as well as the number and area of contact points [7,18].

In multidirectional laminates the present of different orientations of fibers in the lamina can complicate the
conduction proces of current. Thus, in this investigation the effect of differing fibre orientations and the fiber
volume fraction on the electrical resistance change in multidirectional laminates will be investigated.

2. MATERIALS, EQUIPEMENT AND METHOD
2.1. Raw Materials

Two types of unidirectional CFRP prepregs was used:

- Unidirectional prepreg carbon fiber/polypropylene (CF/PP), namely CarbostampTM UD tape, produced by
Soficar (France), with a nominal ply thickness of 0.25 mm. The carbon fibres used were T700 (made of Toray),
with the following tensile properties: modulus of 230 GPa, strength to failure of 4900 MPa, density 1.80 g/cm3
and strain to failure of 2.0 % and filament diameter 7 pm.

- Unidirectional prepreg carbon fibre/epoxy (CF/Epoxy) type Q-1112 product by TohoTenax Europe GmbH,
with a nominal ply thickness of 0.15 mm. The carbon fibres is STS 40 24K, modulus of 230 GPa, strength of
4240 MPa, density 1.77 g/cm3 and strain to failure of 1.75 % and filament diameter 7 pm.

2.2. Production of plate laminates composites

The stacking sequence used for production of the plates laminate composites were [(0,90),0]; for CF/PP and
[(0,90),,0]; for CF/Epoxy. The carbon fiber/polypropylene cross-ply laminates were fabricated with the hot
pressing machine Zenith 2 (Pinette Emidecau Industries). A mold was designed for 25 mm width samples. The
slender channels of the mold provided the individual samples, avoiding cutting the samples from the moulded
plates. This was a countermeasure against the fact that sticky thermoplastic polymer, especially PP, makes it
impossible to cut the samples with a water-cooled diamond saw. Therefore, 5 layers were cut from the prepregs
into the length and width as needed for the objective samples. Thickness of the coupons was controlled by
spacers at the both edges of the slender channels between upper and lower mould. The cut plies were stacked in
designated stacking sequences and filled into the mould. Then, the mould was placed into the hot-pressing
machine and immediately heated up. When reaching the designated temperature of 165 °C, the mold is pressed
under 3 bar for 10 min. Then, the mold was cooled down to temperature of curing polymer (50 °C) and after that,
removed from the machine.

To produced the carbon fiber/epoxy cross-ply laminates CF/Epoxy, the prepregs were cut into sheets with
dimensions 300 mm by 300 mm. Nine such prepregs were stacked one on top of the other and cured at 90°C for
60 min followed by a post curing step at 130°C for 90 min. The laminates were produced in an autoclave at
vacuum of -0.68 to -0.70 bar.

The fiber volume fraction of composites is 48% for cross-ply CF/PP and 71% for cross-ply CF/Epoxy, and was
determined by matrix digestion method, described in ASTM D3171-99 [19], using sulphuric acid/hydrogen
peroxide.

The cross-ply CF/PP samples have not required cutting from composite plate, because their are already resulting
to size recommended in ASTM D3039 [20], from the manufacturing process. The cross-ply CF/Epoxy samples
were cut from the composite plate to size recommended in ASTM D3039, with a water-cooled diamond saw
machine.

The size of samples were 260 mm length, 25 mm width and around 1.3 mm thickness, see Figure 1. Tabs made
of glass fiber woven/epoxy prepregs stacked in [£45°], direction, with 2 mm thickness, were cut to size 40 mm
length and 25 mm width (without taper) and bonded to the sand-blasted surface of the samples, using Araldite
2011TM epoxy glue.

2.3. Equipment
The tensile test were performed on a testing machine Instron 8801 with a load cell of 100 kN and hydraulic

grips. Tensile tests were done according to ASTM D3039 [20]. The test was displacement controlled with a
speed of 1 mm/min. For measuring the electrical resistance, a multimeter Agilent 34401 A was used. The
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measured data of the instrument were recording to the computer via data cable type RS-232. Using the Agilent
10 Control program, we could control time (of 1 sec.) in which the multimeter to perform two measurements.
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Figure 1: Dimension of the tensile samples used and bonded tabs

2.4. Method

These tests were performed to confirm the electrical resistance change during tensile loading in the fiber
direction. In order, to measure the resistance, a DC current of 10 mA is introduced in the samples and the voltage
is measured using data acquisition system. To eliminate any electrical contact between samples and the Instron
machine, the tabs made GFRP composites was used. In this study, the two-probe technique is used. To provide a
good contact between electrodes and carbon fibers, the edges of the samples was polished. After polished, the
electrodes were attached to the edges of the samples through silver paste. To protect the electrode, they were
covered with epoxy resin. In Figure 2., is represented an example of the sample with bonded electrodes on the
edges used for this study.

Figure 2: Sample prepared with electrods for electrical resistance measurement

3. RESULTS AND DISCUTION

Electrical resistance values vs strain and stress-strain diagrams are show for cross-ply CF/PP in Firure 3. and for
cross-ply CF/Epoxy in Figure 4. Before starting the test, initial electrical resistance R, of each sample tested,
after she was clamping the test machine, was recorded. So, for cross-ply CF/PP, Rj=5.466 Q and the failure
stress of specimen was 941 MPa and for cross-ply CF/Epoxy, RO =0,820 Q2 and the failure stress of specimen
was 1223 MPa. As show in these figures, for both materials, the electrical resistance increase with increase of
applied tensile strain. The lower values of initial resistance obtained for cross-ply CF/Epoxy, is a consequence
of the high volume fiber which provides a larger area the current flowing. Electrical resistance values measured
for cross-ply CF/PP, remain relatively close in most of the test and after ¢ =1.6 %, the values increase suddenly.
This suggests that in the samples the damage like delamination or fibres breack growth and the end of the failure
of sample is close. Not the same thing is observed for cross-ply CF/Epoxy. Even if the electrical resistance
values recorded are much lower, they grow steadily during of the test. Same results were obtained by I De Baere
[21] but for materials reinforced with fabrics. Contrast to cross-ply CF/PP, sudden increase of resistance values
is observed for these materials close to the end of the test, which means that the damages growth and the end of
the failure of sample is close.

In Figure 5. and Figure 6. the evolution of electrical resistance change function of the strain for the two types of
materials is shows. Can observe that for cross-ply CF/ PP the evolution of electrical resistance change can be
divided in two separate phases: a “steady state phase”, where the increase of AR/R, are small and fluctuate to
positive to negative values, and an “end of life” phase, where the growth suddenly increases (from ¢ =1.6 %,
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and onward). Pentru cross-ply CF/Epoxy, as show in Figure 6., the the electrical resistance change increases whit
the increase of strain. This increase, compared to cross-ply CF/PP, is almost linearly, which means the
piesoresistivity, which represent electrical resistance change of material, is positive and constant.
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Figure 3: The evolution of resitance vs strain and stress-strain diagram for cross-ply CF/PP
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Figure 4: The evolution of resitance vs strain and stress-strain diagram for cross-ply CF/Epoxy
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Figure 5: The evolution of electrical resitance change vs strain for cross-ply CF/PP
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Figure 6: The evolution of electrical resitance change vs strain for cross-ply CF/Epoxy

4. CONCLUSIONS

Based on the results obtained in this study, the following conclusions can be drawn:

e The electrical resistance in both types of materials with different fiber volume fraction increases with
applied load. For CFRP composites with lower fiber volume (cross-ply CF/PP), this increase is insignificant till
to the value of 1.6% of strain, but, after that, the electrical resistance increases pronounced. Not the same thing
was observed for cross-ply CF/Epoxy, where electrical resistance increases steadily with increasing of strain.

e The electrical resistance change in cross-ply CF/PP in the first part of the tensile are small and fluctuate
to positive to negative values which meant that in inside of materials no major changes of the circuits through
which the current flows, occur.

o Constant increase of change of electrical resistance in cross-ply CF/Epoxy composite, where the volume
of fiber is higher, represents the constant interruption of contacts between fibers, leading to the number reducing
of circuits in which current flows.

o Increased resistance to the end of the test as a result of damage (delamination or fiber breakage), suggests
that this method can be used successfully for predicting the end of life of carbon-reinforced composites.
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