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ABSTRACT

The high-performance composite materials based on carbon fiber are increasingly used
in critical security areas (aeronautics, civil engineering). Thus, it is important to know
their characteristics during curing process or their use. We present herein a technique
of electrical impedance analysis to extract some specific material properties (resistance
and capacitance) in order to know its behavior. As the material microstructure contains
a conductor part (carbon fiber) and an insulator part (resin), a model of electrical
conduction in the material was established by using a network of a resistance Rp
connected in parallel with a capacitance Cp (impedance Z). Spectroscopic impedance
analysis of the studied samples informs about the intrinsic properties of material and
shows a sensitivity of these electrical parameters (Rp, Cp) according to the curing
cycle. Then the sensitivity to some physical parameters (temperature, deformations,
etc.) will be demonstrated in order to know the health of the material, thus ensure
Structural Health Monitoring (SHM).

KEYWORDS : electrical modelisation, impedance analysis, cure monitoring, SHM.

INTRODUCTION

Carbon Fiber Reinforced Polymers (CFRP) are highly used in aeronautics for high mechanical
performances as regards to their low density. They offer many benefits such as mechanical strength,
mass and consumption reduction. With the aim of optimizing their use, efforts are employed by
using several techniques to monitor their curing cycle or the health of structures during their use.

Beyond existing methods of unique measurement of resistance [1,2] or capacitance [3,4], we
present in this paper a method of impedance measurement and analysis that provides both electrical
parameters (resistance and capacitance). The conductive and insulating properties of materials are
studied by applying an alternating current combined with a voltage measurement using a dedicated
instrumentation. Here the studied material is made from carbon T700/epoxy M21 prepregs (used in
aerospace).

Firstly, a three-dimensional (3D) model of electrical conduction is considered to describe the
anisotropy of the material. This model consists of a resistance and a capacitance connected in
parallel (Rp, Cp). Then, we will describe the insertion method of thin electrodes (35 um thick) inside
the material and the specific impedance measurement bench developed to make a real-time
measurement of Rp and Cp. The sensitivity of both Rp and Cp in different stages of the curing cycle
will be also studied here. All this aims to provide a cure monitoring and the possibility to real-time
control to obtain the desired properties of the produced composite structures. Finally, we will
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present the measurements on manufactured composite samples to demonstrate the sensitivity of Rp
and Cp according to physical loads (such as deformations and temperature) in order to provide
necessary elements to know or predict the material health (for SHM purpose).

1 MODEL USED FOR THE ELECTRICAL CONDUCTION

Prepregs are plies (256 pm thick) made of M21 epoxy resin and high strength carbon fibers (7 pum
diameter). The fibers orientation is unidirectional (UD) inside the ply. This confers anisotropic
electrical properties. As the material contains a conductor part (fibers) and an insulator part (resin),
we consider a resistive conduction linked to the conduction through fibers or percolation points, and
a capacitive conduction through resin or voids (see figure 1). In order to improve the representation
of the different mechanisms of this electrical conduction, analyses of the conduction in the fibers
plane in mono-ply samples (inside one ply: intra-ply) and multi-plies samples (inside laminates)
were undertaken.

Resin
Carbon fiber

Void

Capacitance

I Resistance

.‘ Percolation

Figure 1: Equivalent electrical model in composite material

1.1  Intra-ply conduction analysis

In order to reduce the interface resistances and to avoid being intrusive, thin and flexible electrodes
(flex) are inserted between one prepreg cured on a FR4 substrate (printed circuit board). The flex
used in this case is a copper tape (50-pum thick, 6-mm wide and 4-cm long) covered with a
polyimide film (35-pm thick) at masking areas. Several flex are placed in the longitudinal and
transverse directions to the fibers orientation (see figure 2). The impedance analysis requires a
frequency sweep, here from 10 Hz to 1 MHz. The resistive measurements are performed at 10 Hz
and the capacitive measurements at 100 kHz.

In the longitudinal direction (intra-fibers), preliminary measurements show that changes in the
resistance value depend on the distance between electrodes. This evolution is almost linear (see
figure 3. a). We obtained a resistivity value around 15.10° Q.m; its determination is difficult
because of the presence of significant contacts resistances (R¢ between 1 to 4 Q) disrupting our
measurements. These impose 4-points measurement method. Capacitances are sporadic because of
the low resistances values disrupting also their measurements. In the transverse direction (inter-
fibers), the measurements show high resistance values with a resistivity around 1.5 Q.m (against
15.10” Q.m in the intra-fibers conduction); but the capacitances are more significant (see figure 3.
b). In this case 2-points measurement method is used because contacts resistances effects are
negligible.
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Figure 3: Changes in the resistance and capacitance versus measurement surface.
intra-fibers measurement (a), inter-fibers measurement (b)

Finally, the intra-fibers electrical conduction is essentially resistive (through fibers and
percolation points) and it is modeled as distributed resistances. But the inter-fibers conduction is
resistive and capacitive (through percolation points, resin and voids). This later is modeled as a
network of resistances in parallel with capacitances (Rp, Cp) as shown in the figure 4.
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Figure 4: Intra-ply conduction modeling

1.2  Conduction analysis inside multi-plies composites

Multi-plies samples contain up to 24 plies (10 x 10 cm?). Before curing, some flex are inserted in
the transverse direction between two consecutive plies in order to reduce the interface resistances
(see figure 5. a). In fact the used flex in this case are 20 cm-long. The Flex-1 is placed between plies
1 and 2, the flex-2 between plies 8 and 9, the flex-3 between plies 16 and 17, and finally the flex-4
between plies 23 and 24. This configuration enables us to measure in the composite thickness
direction (inter-plies). The changes in the resistance and capacitance values exhibit a quasi-linear
behavior with the conduction in thickness (see figure 5.b). The obtained inter-plies resistivity is
around 4.5 Q.m against 1.5 Q.m in the inter-fibers conduction and 15.10° Q.m in the intra-fibers
conduction.
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Figure 5: Inter-plies conduction test sample (a), resistance versus plies number (b)

The intra-ply conduction in the multi-plies is considered as the same as the one in the mono-ply.
The inter-plies conduction is similar to the one in the transverse direction (conduction through
percolation points, resin or voids). It is modeled as a resistance in parallel with a capacitance.
Finally the 3D electrical model equivalent to a multi-plies composite material can be considered as
a cascaded structure of hexapole nodes (see figure 6).
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Figure 6: 3D electrical conduction model for a multi-plies composite material

2 CURE MONITORING

A test bench is developed here for cure monitoring of composite materials (see figure 7). It
contains:

e Impedance analyzer : Ry (at 10 Hz) and Cp (at 100 kHz) measurement with a frequency
sweep from 10 Hz to 1 MHz;

o Channel selector : measurement on several samples or positions;

o Temperature measurement circuit via a K thermocouple;

e LabView software : on-line monitoring of the later parameters.
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Figure 7: Measurement bench

The real-time measurements are realized during curing (in an oven) on 24 plies UD samples to
characterize the inter-plies conduction. The measurement is made between flex 1 and 4 (22 plies).
Figure 8 shows the results of Rp and Cp obtained during curing. As could have been expected, Rp
decreases versus time from 30 kQ to few hundred ohms. This is due not only to contacts
improvement between the fibers and the electrodes but also to the increasing of the percolation
network. The changes in Cp during curing show two peaks; the first one corresponds to the point of
polymer liquefaction and the second one to the gel point. The work in progress focuses on the
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reproducibility and repeatability of these measurements on multi-plies UD and QI (quasi isotropic)
samples. The obtained results will be correlated with those of rheological analyses (conducted by
our colleagues of the ICA -Institute Clément Ader).
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Figure 8: Inter-plies resistance and capacitance changes during curing between 22 plies

3 IMPEDANCE ANALYSIS FOR SHM

Keeping the same instrumentation, after-curing measurements enable us to characterize the material
behavior to temperature and deformation loading. The studied samples are UD mono-plies. When
the temperature of the composite increases the measured resistance (Rp) increases but capacitance
(Cp) decreases and vice-versa. The resistance changes up to 4% and capacitance up to 15% in the
range from -50°C up to 150°C (figure 9 a). Rp and Cp measurements are also sensitive to the
mechanical deformations; up to 8% and 500% respectively (see figure 9 b). These impedance
measurements could enable us to detect defects inside the material such as fibers breakage, cracks
or delamination. Furthermore, the material could be used as an actuator (defrost device for
aerospace applications, for example).
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Figure 9: Rp and Cp sensitivity to temperature (a) and deformations (b)

4  CONCLUSION AND OUTLOOK

In this study, we developed a simple and robust instrumentation method by using flexible electrodes

(flex) and an ad-hoc acquisition system designed to achieve electrical impedance measurement
inside a T700/M21composite material.

Considering a simple 3D electrical conduction, the developed instrumentation enables us to
monitor the material behavior during curing (here in an oven). This later depends on the changes in
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the state of the considered material. Thus it could be possible to use this instrument to monitor the
curing process and better still to control it. Therefore, it should be possible to establish in real time
the appropriate moments for stopping, modulating or correcting the cure cycle. This monitoring can
be used to optimize the manufacturing process (energy savings, reduction of curing time etc.) and
thus the properties of the manufactured material it-self.

Furthermore obtained results show the Rp and Cp sensitivity to temperature and mechanical
deformations. This could enable us to ensure functionalization of the material or monitor its health
during the phases of conditioning and service (SHM).
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