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Abstract

Delamination is a significant defect of laminated composites. The present study employs an electric potential change method in
an attempt to identify internal delaminations experimentally. The method adopts reinforcing graphite fibres as sensors. In our
previous paper, a two-probe method was adopted for the electric-resistance change measurements because of the simplicity. The
two- probe method is not appropriate for a precise measurement, and it tends to include a large experimental error in the electric
resistance change owing to the electric resistance change at the electrodes. Instead, the present paper employs a multiple-probe
method for the measurements. In the present study, high precise measurement system of electric voltage change is developed, and
the electric voltage measurement method is adopted for identification of embedded delamination location and size. Measured
electric potential data are normalized for creations of response surface to identify the delamination. As a result, the new multi-probe
electric potential method is shown to be effective for the identifications of embedded delamination cracks of graphite/epoxy

composite laminates.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Composite laminates have low delamination strength,
and it causes a delamination by a slight impact. Since
the delamination is invisible or difficult to detect
visually, the delamination causes low reliability for pri-
mary structures. To improve the low reliability, smart
systems of delamination identifications in-service are
desired. A structural health monitoring system to detect
the delaminations is one of the desired approaches for
practical laminated composite structures.

Recently, an electric resistance change method has
been employed to identify the internal damages of
CFRP (Carbon Fiber Reinforced Plastics) laminates by
many researchers [1-18]. The electric resistance change
method does not require expensive instruments. Since
the method adopts reinforcement carbon fiber itself as
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sensors, this method does not cause reduction of
strength, and it is applicable to existing structures.
Authors have already experimentally investigated the
applicability of the electric resistance change method for
measurements of delamination crack length of the edge
cracks of delamination resistance tests [19,20]. For
practical composite structures, however, delamination
cracks are usually embedded cracks. The embedded
cracks of the beam type specimens were also experi-
mentally detected by the electric resistance change
method by Todoroki using graphite/PEEK composites
[21]. In order to investigate the effect of orthotropic
electric resistance on the delamination monitoring of
cross-ply laminates, several FEM analyses have been
also performed [22,23]. Beam type specimens were
employed to monitor delamination creations experi-
mentally [24], and plate type specimens were also
adopted to monitor the delamination creations experi-
mentally [25,26]. For these specimens, a two-probe
method is employed to measure the electric resistance
changes between two electrodes. Wang and Chung
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have, however, shown that the two-probe method gave
misunderstanding because the method included the
electric resistance change of electrodes [27]. The
improved method is, therefore, required to obtain reli-
able information of the electric resistance change in
graphite/epoxy composite laminates.

In the present study, a new multi-probe method is
employed for delamination identifications of cross-ply
laminates. An embedded delamination crack is created
in a plate type specimen on which multiple electrodes
are mounted. Electric potential changes at all of the
electrodes are measured with a new amplifier circuit.
Using response surfaces made from normalized sets of
measured electric potential changes, delamination loca-
tion and size is estimated as continuous values. Applic-
ability of the method is experimentally investigated and
compared to the previous electric resistance change
method.

2. Principle of electric potential change method

Graphite fiber has a high electric conductivity, and
the epoxy matrix is insulation resistance. For ideal gra-
phite/plastics composites, electric conductance in fiber
direction is very high. The ideal conductance can be
easily calculated by multiplying fiber volume fraction to
electric conductance of graphite fiber. On the other
hand, the electric conductance of transverse direction
vanishes for an ideal condition.

Practical graphite fiber in a unidirectional ply is ser-
pentine as shown in Fig. 1(a). The curved graphite fibers
contact with each other, and that makes a large gra-
phite-fiber network in a ply. The contact-network brings
non-zero electric conductance even in the transverse
direction. In the same way, the fiber-network produces

non-zero electric conductance in the thickness direction
in a ply. The electric conductance in the transverse
direction is much lower than the electric conductance of
the fiber orientation. Abry et al. [11] and authors [28]
have revealed experimentally that the electric con-
ductance ratio of the transverse direction (cGg9g) to the
fiber direction (o) is Gg9/co=3.7x 1072, and the electric
conductivity ratio of the thickness direction (o) to the
fiber direction is approximately 6,/co=3.8x 1073 for the
laminates of the fiber volume fraction of 0.62
(09=5500S/m). The result shows that the graphite/
epoxy composite laminates have very strong orthotropic
electric conductance.

The electric conductance of the thickness direction
(o)) 1s also lower than the electric conductance of
transverse direction (ogg). Although the fiber-network
structure in the thickness direction is almost similar to
the structure of the transverse direction in a ply,
through-the-thickness conductance o; is smaller than
the o99 for normal laminated composites. That is
because thin resin rich interlamina exists and the inter-
lamina is electrically insulating. For ideal graphite/
epoxy composites, the o, vanishes due to the resin rich
interlamina. For practical graphite/plastics composites,
however, prepreg plies are serpentine as the same as the
fiber in a ply as shown in Fig. 1(b). The curve of plies
causes fiber contact through plies and causes non-zero
electric conductance in the thickness direction even for
thick laminated graphite/epoxy composites. The contact
between plies causes no-zero electric conductance in the
thickness direction. Thus the og, is usually larger than
the o,. When a delamination crack grows in the inter-
lamina, the crack breaks the fiber-contact-network
between plies. The breakage of the contact network
causes increase of the electric resistance of the graphite/
epoxy composites. Therefore, delamination crack can be
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Fig. 1. Schema of practical structure of graphite/epoxy composite.
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detected by the electric resistance change of graphite/
epoxy composite laminates.

Fig. 2 reveals the schematic representation of the
delamination-monitoring system with electric resistance
change method proposed in the previous study. Multi-
ple electrodes are mounted on the specimen surface as
shown in Fig. 2. All of these electrodes are placed on a
single side of a specimen. Usually it is impossible to
place electrodes and lead wires outside of the aircraft
structures. The location of the electrodes on the single
side surface is representative of the location of electro-
des in thin aircraft shell type aircraft structures. Electric-
resistance change of each segment between electrodes is
measured for various cases of location and size of dela-
minations. Using the measured data, relations between
electric resistance change and location and size of dela-
minations are obtained using response surfaces. Since
authors have revealed that the response surfaces are
better than artificial neural networks for this inverse
problem, the response surface method is employed here
[29]. After the calculations of the response surfaces,
location and size of a delamination can be estimated
with the response surfaces from the measured electric-
resistance changes. Our previous FEM analyses of beam
type specimens [28] revealed that electric current has to
be charged in the fiber direction on the surface ply. This
electric resistance change method is a two-probe
method. Wang and Chung [27] have already revealed
that the two-probe method is signifcantly sensitive to
electric resistance changes of the electrodes and a
four-probe method should be employed for the elec-
tric resistance change monitoring. The multi-probe
electric potential method is similar to the four-probe
method, and it has high reliability for measurements of
slight electric resistance changes of composite materials.

The principle of the multi-probe electric potential
method is, however, quite similar to that of the electric
resistance change method using the two-probe method.
The schematic illustration of the multi-probe electric
potential method is shown in Fig. 3. The only differ-
ences from the electric resistance method are the way to
charge the electric current and the way to measure the
electric potential using multiple probes as shown in
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Fig. 2. Schematic representation of delamination identification
method using electric resistance change method with response sur-
faces.

Fig. 3. Electric current is charged between each elec-
trode location at each end of the specimen surface as
shown in Fig. 3(a). Electric potential is measured at
each electrode to obtain several electric potential data.
In Fig. 3(a), the electric potential value of eight probes is
measured, and these measured data are input into the
response surfaces to estimate delamination location and
size. These measured electric potential data are normal-
ized and response surfaces are created to estimate the
delamination location X, Y and size. The response sur-
faces are made from a large number of experiments
using the least square error method.

3. Experimental method
3.1. Specimens

The material used in the present paper is unidirec-
tional graphite/epoxy prepreg. The type of the uni-

directional prepreg sheet is TR340M150ST produced by
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Estimation of delamination location and size with response surfaces
Fig. 3. Schematic representation of delamination identification

method using multi-probe electric potential change method with
response surfaces.
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Mitsubishi-Rayon Co. Ltd. Using the prepreg, cross-ply
laminates of [0,/90,]s were fabricated. The fiber volume
fraction is approximately 0.5. Thickness of the lami-
nates is approximately =1 mm. Cure condition is
130 °Cx1.1Mpax1h using a hot press. In order to
measure electric-resistance changes using a two-probe
method, reliable electrodes are indispensable. In order
to produce the reliable electrodes, rectangle copper foil
of 0.02 mm thickness is mounted on the prepreg lami-
nates, and these electrodes are co-cured with the
laminate. From the laminates, rectangular plate type
specimens of the length of 200 mm and the width of 105
mm were produced as shown in Fig. 4. The multiple
electrodes are mounted on a single surface of the speci-
men in the present study as previously mentioned.

3.2. Experimental procedures

To create a delamination crack in each plate-type
specimen, an indentation test is employed here. An
indentation type jig and cylindrical support is adopted
here. By changing the diameter of the cylindrical sup-
port jig from 10 to 50 mm, different sizes of delamin-
ation cracks were created in the plate type specimen.
The indentation point is loaded from the opposite side
surface where the electrodes are mounted. This is to
simulate the placements of electrodes inside the struc-
tures and the impact load that creates a delamination
comes from the outside. Since the specimen is a thin
laminate, the loading creates a large delamination crack
in the 0-90° interface near the electrodes.
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Fig. 4. Specimen configuration.

3.3. Electric potential change measurements

After creating a delamination crack, electric potential
changes at all electrodes were measured using amplifier
circuits. Usually, to obtain large electric potential
change, high electric current must be charged: this may
cause elevation of temperature. To prevent the elevation
of the temperature, a new differential amplifier circuit is
developed here as shown in Fig. 5. The circuit amplifies
the voltage change without charging a large electric
current. The circuit system comprises of a constant
electric current circuit, several differential amplifier cir-
cuits and a data logger. Since the electrode 1A and 2A
are connected together, electric current is supplied from
the left edge (1A and 2A) to the right edge (1E and 2E)
in Fig. 5. Electric potential changes are measured at
each electrode using the amplifier circuits that amplify
the potential change by the factor of 1000. Since the
electric current in the amplifier circuits to measure the
potential changes is negligible, the electric resistance
changes at the electrodes can be neglected. This is the
reason why the multi-probe method is appropriate for
precise measurements of electric potential change.

Constant electric current of 250 mA is charged from
the electric current supply circuit. This circuit adopts
transistors of high thermal capacity (A814, 30 W) to
prevent electric current fluctuation. Since the electric
resistance of the specimen is approximately 0.6 €2, the
electric power consumption is only 0.0375 W. This
electric power consumption is very small, and no tem-
perature elevation was observed.

4. Response surface method using normalized data
4.1. Response surface method

The response surface is a widely adopted tool for
quality engineering fields [30]. The response surface
methodology comprises curve fitting with regression to
obtain approximate responses, design of experiments to
obtain minimum variances of the responses and opti-
mizations using the approximated responses.

In the present study, the response surface methodol-
ogy is adopted as a solver for inverse problems. For the
present study, predictions of delamination locations and
sizes from measured electric resistance changes are one
of the inverse problems. The response surface metho-
dology brings two advantages; the inverse problems can
be approximately solved without consideration of mod-
eling of functions, and the approximated response sur-
faces can be evaluated using powerful statistical tools.
For most of the composites, it is very difficult to under-
stand the precise model about electric-voltage change,
and other tools like a back-propagation-neural-network
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Fig. 5. Electric circuit used for voltage change method.

have difficulties for evaluations of curve fitness and of
appropriateness of the network model.

For most of the response surfaces, the functions for
the approximations are polynomials because of simpli-
city. For the cases of quadratic polynomials, the
response surface is described as follows.

k k k—1 k
y=Bo+ Y Bxi+ Y B+ Y Y Bixix; (1
= =

=1 j=itl

where k is the number of variables. In the case of three-
electrode type specimens, there are two electric voltage
change variables; v; and v,. The response surface for
estimations of delamination location (p) is expressed as
follow.

P =Bo+ Bivi + Bava + B3vi + Bavi 4 Bsvim (2

By replacements of g =p x| =v;,x; =1, x3 =1y,
X4 = v2, X5 = v1v; Eq. (2) becomes a linear regression
model.

v = Bo+ Bix1 + Bax2 + B3x3 + Baxs + Psxs 3)

In the case that total number of experiments is n, the
response surface can be expressed as follows using
matrix expression.

Y=XB+e )
where

»i rl X X Xk

»2 I xp1 X -0 X
Y = X=1. . .

Vn L1 Xnl  Xn2 0 Xpk

Bo €

B1 )
B=1. e=1.

lgk En

where e is an error vector.

The unbiased estimator b of the coefficient vector £ is
obtained using the well known least square error
method as follows.

b= (X"X)"'X"Y (5)
The variance-covariance matrix of the b is obtained

as follows.

cov(by, b)) = Cy = o> (X"X) ™" (6)
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