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Abstract

For the cryogenic tanks of next generation reusable launching vehicles, the laminated composite tank is one of the key technologies.
For composite fuel tanks made from laminated carbon fibre reinforced polymers (CFRP), matrix cracking is a significant problem that
may cause fuel leakage. In the present paper, an electrical resistance change method with integrated probes on a single side of the surface of
a CFRP composite structure is adopted to detect the matrix cracking of the laminated composites. For a fuel tank structure made of a
CFRP laminate, we cannot mount electrical probes on the end of structure or on the inside of the tank structure. We have to mount
all probes only on the outside surface. The present method used finite element analyses (FEA) to search for the best placement of probes
for matrix crack detection using a rectangular plate. To simulate the tank structure, all probes are placed on a single surface of the CFRP
plate specimen. The present study adopted a four-probe method for measuring the electrical resistance change. The FEA revealed that the
electrical resistance increases linearly with increase in the number of matrix cracks inside of the probes. By means of thin CFRP cross-ply
laminate, the method was experimentally confirmed to be useful for detecting matrix crack density between the probes. Residual electrical
resistance at the completely unloaded condition increased with increase in matrix crack density. Measurements of the residual electrical

resistance enabled us to detect the matrix crack density without loading.
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1. Introduction

Carbon fibre reinforced polymer (CFRP) laminated
structures are very effective for weight saving in aerospace
structural components. The cryogenic tank of next genera-
tion reusable launching vehicles adopts laminated compos-
ite tanks [1]. For a fuel tank comprising a laminated CFRP,
matrix cracking of the CFRP laminates causes fuel leakage,
and detection of matrix cracking, therefore, is a demanded
target.

Change of electrical resistance of the CFRP structure
has been applied to the detection of damage to the CFRP
structure like fibre breakages, fibre-matrix debonding,
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matrix cracks and delamination [2-11]. Applied strain
and fibre breakages of the CFRP structures are monitored
using the electrical resistance changes: electric current is
applied to the end of the rectangular specimens [2,4,6].
The research group of Chung [3,5] uses circumferential lead
wires with silver paste as probes for the unidirectional
CFRP laminated specimen to apply the electric current.
The authors’ research group has proposed a delamina-
tion monitoring method [12-16] and a strain monitoring
method with reliable probes [17,18] for the CFRP lami-
nates. For this research, multiple probes for applying elec-
tric current and to measure electric voltage change are
integrated on the single specimen surface using co-cured
copper foil or silver paste. Since the integrated surface
probes method requires installing electrodes on only a sin-
gle side of the target CFRP structures, the method does not
cause troublesome wire placement on inside surfaces of the
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composite tank structures. This enables us to install the
electrical resistance change measurements on a CFRP com-
posite tank without design changes to the target composite
fuel tank.

The previous method for monitoring the delamination
location and size employs a two-probe method with narrow
spacing probes on a single side surface. These probes pro-
duce electric current in the thickness direction, and this
enables delamination monitoring without electrical resis-
tance change due to matrix cracking [19]. To detect matrix
cracking, modification to the spacing of probes and the
applicability of the integrated surface probe must be inves-
tigated. In the present study, therefore, a cross-ply CFRP
laminate was adopted as a target specimen, and FEM anal-
yses were performed to confirm the applicability of the
electrical resistance change method with the integral sur-
face probes. Experimental investigations were also con-
ducted to confirm the applicability of the method at
room temperature using tensile tests of cross-ply CFRP
laminates.

2. Principle of the electrical resistance change method

In CFRP laminates, carbon fibres have high electrical
conductivity; the epoxy matrix is its insulator. The actual
carbon fibres in a unidirectional ply are not straight. The
curved carbon fibres contact one another, comprising a
carbon-fibre network within a ply. The contact-network
brings non-zero electric conductivity even in the transverse
direction. In the same way, the fibre-network produces
non-zero electrical conductivity in the thickness direction
in a ply. Electric conductivity in the transverse direction
is much lower than that in the fibre direction. Abry et al.
[7] and the authors’ group [14] found experimentally that
the fraction of electrical conductivity in the transverse
direction (og9) to the fibre direction (gy) is very small,
and that the fraction of the electrical conductivity in the
thickness direction (o) to the fibre direction is smaller than
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that of the transverse direction. The results indicate that
CFRP laminates have significantly strong orthotropic elec-
trical conductivity.

Although the fibre-network structure in the thickness
direction is almost identical to the structure of the trans-
verse direction in a ply, through-the-thickness conductivity
o, of a laminate is smaller than the transverse conductivity
of a single-ply (g9¢) for normal laminates. That is because a
thin electrically insulating resin-rich layer exists there. For
actual CFRP composites, however, prepreg plies are
curved like the fibres in a ply. The ply curvature induces
fibre contact through the plies and causes non-zero electri-
cal conductivity in the thickness direction, even for thick
laminated CFRP laminates. Contact among plies causes
non-zero electrical conductivity in the thickness direction.
Thus, the o9 is usually larger than the ;. When a crack
grows in the matrix of the CFRP laminate, the crack
breaks the fibre-contact-network in a ply. Breakage of
the contact network causes increased electrical resistance
of CFRP composites.

Fig. 1 shows a schematic representation of the delamina-
tion-monitoring system proposed by the authors [12-16].
Multiple probes of equally narrow spacing are integrated
on a single surface of the specimen as shown in Fig. 1.
All these probes are placed on a single side of the specimen.
Usually, it is impossible to place electrodes and lead wires
outside aircraft structures. Location of electrodes on a sin-
gle side surface is a model of placing electrodes inside a thin
shell aircraft structure. The authors have performed several
finite element analyses (FEA) and concluded that the elec-
tric current should be applied in the fibre direction of the
surface ply to monitor delamination cracks [14]. The elec-
trical resistance change of each segment between the elec-
trodes is measured with a conventional electrical
resistance bridge circuit. The electrical resistance changes
among all segments are measured for various delamination
sizes and locations. Using the measured values, the
relationship between the electrical resistance changes and
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Fig. 1. Schematic representation of delamination identification method using electrical resistance change method with an artificial neural network.
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delaminations (location and length of delaminations) are
obtained using a tool of inverse problems such as artificial
neural networks or response surfaces [12-16].

In this delamination-monitoring system, the electric cur-
rent is applied in the fibre direction of the surface ply, and
the spacing between probes is from 25 to 35 mm. In this
system, half of the applied electric current flows in the sur-
face layer in the fibre direction, and the remaining half of
the electric current tends to flow in the bottom surface layer
in the fibre direction. This causes flow of the electric cur-
rent in the thickness direction, and this causes a large elec-
trical resistance change when a delamination crack is
created. The electrical resistance change is not affected by
the existence of matrix cracking for delamination monitor-
ing [19].

3. FEA to configure monitoring system
3.1. Analytical method

In this study, FEA were performed with commercially
available FEM code ANSYS. Since a tension type specimen
is used for experiments, a two-dimensional type specimen
model was adopted for FEA as shown in Fig. 2. The stack-
ing sequence of the specimen laminate was [0/90/0}r. The
length of the specimen was 210 mm and its thickness was
0.75 mm: each ply had a thickness of 0.25. Four 3-mm-wide
probes made of copper electrodes were mounted on the sin-
gle specimen surface. The outer two probes were used to
apply the electric current, and the inner two probes were
used for measuring the electric voltage.

Four-node rectangular elements were used for FEA: the
length of an element was 0.25 mm and its approximate
height was 0.0625 mm. An automatic mesh division system
installed in ANSYS was used in this study.

A direct current of /=10 mA was applied at one outer
electrode and the electrical voltage of the other outer elec-
trode was set to 0 V, and the inner pair of electrodes were
used to measure electrical voltage V. Electrical resistance
change R is here defined as R = V/I.

Orthotropic electrical conductivities used in these FEA
were derived from the experimental results of reference
[14]. In this study, the case of the fibre volume fraction
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Fig. 2. Configuration of FE model for matrix crack detection using an
electrical resistance change method with four-probe method.

Vi =0.62 was employed for the FEA. The electrical con-
ductivity of the fibre direction (gy) was 5500 S/m, the elec-
trical conductivity of the transverse direction (o9g) was
204 S/m, and the electrical conductivity of the thickness
direction (o) was 20.4 S/m.

A matrix crack was made in the middle 90° ply between
the surface 0° plies as shown in Fig. 2. All FEM nodes of
the candidates of the matrix cracks were doubly defined
to represent matrix cracking. When a matrix crack was
made, the doubly defined nodes on the target position were
separated from each other to represent insulation of the
electric current. For a matrix crack induced in the finite ele-
ment (FE) model, the present study subsumes that the
crack mouth is fully opened after matrix cracking. Since
the tensile residual stress due to curing of epoxy exists in
the 90° ply, a matrix crack caused opening of the crack
mouth due to the relief of the tensile residual stress. The
FE model represents this crack opening.

3.2. Results of FEA

Fig. 3 shows the results of the FEA of the electrical resis-
tance variation plotted against the location of a single
matrix crack in the middle 90°-ply. The ordinate is the cal-
culated electrical resistance change normalized by the ini-
tial electrical resistance, and the abscissa is the location
of a single matrix crack in the middle 90°-ply. Since the ori-
gin of the coordinates is defined to be in the middle of the
specimen as shown in Fig. 2, a location smaller than 15 mm
means that the matrix crack is located inside the pair of
inner probes. The symmetric specimen enabled us to omit
the calculations of matrix cracking on the left side. An
almost identical electrical resistance change was observed
when the matrix crack was located inside the pair of the
probes (when the location is smaller than 15 mm). Only
when the matrix crack was located outside the inner couple
of the probes (the location exceeds 15 mm), the electrical
resistance change decreased. This means that the electrical
resistance change indicates matrix cracking inside the pair
of the inner probes.

Fig. 4 shows the results of the electrical resistance
change with increase of matrix crack density. The ordinate
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Fig. 3. Electrical resistance change due to the generation of a single matrix
crack in the middle 90°-ply obtained by means of FEA.
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Fig. 4. Electrical resistance change for three kinds of spacing between
probes with increase of matrix crack density obtained by means of FEA.

is the calculated electrical resistance change normalized by
the initial electrical resistance, and the abscissa is the
matrix crack density inside the pair of inner probes for
three types of spacing of the probes. The spacing shown
in Fig. 4 is the one between the outer probes. The spacing
of the specimen in Fig. 2 was 50 mm. For a spacing of
25 mm, the spacing between the inner couple of probes
was 5 mm and the spacing between the outer probe and
the inner probe was 10 mm. For a spacing of 10 mm, the
spacing between adjacent probes was 1/3 mm.

In all cases, the electrical resistance change increased
almost linearly with increase of the matrix crack density.
Although the shorter spacing of the probes caused a smal-
ler electrical resistance change, the shorter spacing of the
probes enabled the location of the high matrix crack den-
sity at the target segment between the probes to be moni-
tored. On the other hand, the shorter spacing required
many probes to be placed on the structural surface, and
that was a tiresome problem. In this paper, to know the
matrix crack density of a wider range area, a spacing of
50 mm was adopted.

In our previous study on delamination monitoring with
the electrical resistance change method [19], a single matrix
crack observed with a delamination crack had little effect
on the estimation of delamination. To confirm the effect
of a single matrix crack on the electrical resistance change,
FEA were performed. Fig. 5 shows the results of the FEA
of electrical resistance changes of the specimens with a
delamination crack of 30 mm. The open rectangular sym-
bols show the electrical resistance change caused by a
straight delamination crack located between the surface
0°-ply and the middle 90°-ply. The ordinate is the calcu-
lated electrical resistance change, and the abscissa is the
location of the delamination crack of 30 mm length. Since
the spacing of the outer probes was 50 mm and the spacing
of the inner probes was 30 mm, the delamination crack
located further out than 40 mm means the delamination
was located completely outside the outer probes. When a
delamination was located at 0 mm, the delamination did
not overlap even the inner probes. Fig. 5 shows that delam-
ination cracks that do not overlap the probes, have negligi-
ble electrical resistance change.
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Fig. 5. Electrical resistance change of two kinds of delamination crack
configurations obtained by means of FEA: straight delamination crack
and Z-type delamination crack.

The open circle symbols in Fig. 5 show the electrical
resistance changes of a delamination crack that consisted
of a delamination crack and a matrix crack. The configura-
tion of the delamination is like the letter of Z: half of the
delamination crack was located between the upper 0° ply
(the 0°-ply where probes were mounted); the middle 90°-
ply and rest of the half delamination crack was located
between the lower 0°-ply and the middle 90°-ply. The
matrix crack in the 90°-ply jointed the two half-size delam-
ination cracks. As shown in Fig. 5, the electrical resistance
changes of the Z-type delamination crack show little differ-
ence compared with the results of the straight delamination
crack. This is why the matrix crack has negligible effect on
the identification of the delamination crack location in my
previous paper. A small difference, however, exists between
the results of the straight delamination crack and the
results of Z-type delamination cracks. Since the electrical
resistance change due to a delamination crack causes sig-
nificantly larger electrical resistance change compared with
the electrical resistance change of a matrix crack, the effect
of matrix crack can be neglected for identification of a
delamination crack. This means that the detection of
matrix cracking is only possible for a composite structure
without a delamination crack.

On the basis of these results, we can conclude that the
detection of the matrix crack density is possible even when
we mounted all probes on the same side of the specimen
surface (the outer surface of a tank). This enables the appli-
cation of the electrical resistance change method to matrix
crack detection of a composite tank structure.

4. Experimental feasibility study
4.1. Specimen and test method

The material used here was a prepreg sheet of Q-1111/
2500 (carbon/epoxy, Tohotenux). The prepreg was stacked
to make two kinds of laminates, a single-ply unidirectional
CFRP of [0} and cross-ply CFRP laminate of [0/90/0];.
The laminates were cured in a two-step curing process of
90 x 40 and 130 °C x 50 min at 0.5 MPa using a hot press
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machine. From the laminates, rectangular specimens of
15 %210 mm were fabricated. Tabs made of GFRP were
attached on both sides of the ends of the specimen to pro-
tect the specimen surfaces from damage due to chucking.

To measure the electrical resistance change during load-
ing, a four-probe method was adopted in the present study.
Electrodes for each specimen were produced using silver
paste after polishing the specimen surface using sand paper
to remove surface resin layer. Our previous study showed
that complete removal of the surface resin is indispensable
[18,20]. All of the four electrodes were mounted on a single
side of the specimen to simulate the matrix crack detection
of a composite tank. The specimen configuration and elec-
trodes are shown in Fig. 6.

The electrical resistance change was measured by means
of a LCR meter produced by HIOKI Co. Alternating cur-
rent of 1 kHz was used for the measurements for all speci-
mens. Since the capacitance element of the CFRP in 1 kHz
is very small (a phase angle is almost zero) when it is com-
pared with the resistance element, almost all measured
impedance change was caused by the resistance change in
this alternating current. Therefore, we focused on the elec-
trical resistance change even though we used alternating
current.

Using a material testing machine, displacement-control
tensile tests were conducted at the loading rate of
0.1 mm/min. For every specimen, a strain gage was
mounted on the middle of the specimen, and a strain—elec-
trical resistance curve was monitored. Loading and unload-
ing tests were performed to measure residual electrical
resistance change under a completely unloaded conditions
and to measure the electrical resistance change during
reloading. For the cross-ply laminates, matrix crack den-
sity was measured using a replica method made from the
specimen side surface.

4.2. Results of unidirectional CFRP

Fig. 7 shows the results of the electrical resistance
change during tensile tests of unidirectional CFRP of
[0}r. The abscissa is the applied strain measured with a con-
ventional strain gage attached on the specimen surface, and
the ordinate is the measured electrical resistance change

Electric Resistance
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Fig. 6. Specimen configuration for matrix crack detection.
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Fig. 7. Measured electrical resistance change for cyclic loading (constant
maximum strain) of a single-ply unidirectional CFRP [0}y. Initial electrical
resistance R =472 mQ.

normalized with the initial resistance (R = 472 mQ). In this
test, the applied maximum strain was 1100u and unloaded
cyclically as shown in Fig. 7. This figure shows that the
electrical resistance increases with increase of applied ten-
sile strain, and the relationship between the electrical resis-
tance change and applied strain is almost linear. The slope
did not change in the cyclic test.

Schulte et al. have measured the electrical resistance
change of unidirectional CFRP in the fibre direction [2].
They reported that the electrical resistance increases with
increase of applied strain, the same as a strain gage in the
elastic deformation region. On the other hand, Wang and
Chung have reported negative piezoresistivity in unidirec-
tional CFRP [21]: electrical resistance decreases with
increase of applied tensile strain. Fig. 7 supports positive
piezoresistivity: electrical resistance increases with increase
of applied strain. This positive piezoresistivity is reversible
and there is no residual electrical resistance change in the
completely unloaded condition.

Fig. 8 shows the electrical resistance change of unidirec-
tional CFRP of higher applied strain. The maximum
applied strain is increasing at every cycle of loading up to
over 5000u. The abscissa is the applied strain and the
ordinate is the measured electrical resistance change. As
shown in Fig. 8, up to 4000y, the load—unload relationship
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0.04 F Unloading '_‘.--"'
- .
0.03 1
>
<
0.02
001,

0 1000 2000 3000 4000 5000
Applied strain x 10

Fig. 8. Measured electrical resistance change for cyclic loading (maximum
strain increased for every cycle) of a single-ply unidirectional CFRP [0}
Initial electrical resistance R =472 mQ.
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is almost linear. Over the 4000y strain, the measured elec-
trical resistance change increases rapidly, and the load-
unloading curve draws a hysteresis loop. Schulte et al. [2]
suggested that the rapid increase of the electrical resistance
of unidirectional CFRP is caused by breakages of weaker
carbon fibres inside the specimen. This means that the elec-
trical resistance increase under 4000y strain is caused only
by the piezoresistivity of CFRP when the CFRP has no
matrix cracking.

4.3. Results for cross-ply laminates

Fig. 9 shows the electrical resistance change for cyclic
loading of a cross-ply laminate. The maximum strain of
cyclic loading here was 1000u strain. The abscissa is the
measured applied strain and the ordinate is the measured
electrical resistance change. As with the unidirectional
CFRP shown in Fig. 7, the load—unload relationship is
almost linear and there is no residual electrical resistance
in the completely unloaded condition. This electrical resis-
tance increase was caused by the piezoresistivity.

Fig. 10 shows the electrical resistance change of cross-
ply CFRP of higher applied strain. The maximum applied
strain increased for every cycle of loading up to over 5000u

0.003 + Loading
......... Unloading
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< ;€82
2 0.0015 2 Z
< . 7
.8 3 Z
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Fig. 9. Measured electrical resistance change for a cyclic load (maximum

strain is kept constant) of a cross-ply CFRP [0/90/0}. Initial electrical
resistance R = 224 mQ.
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Fig. 10. Measured electrical resistance change for a cyclic load (maximum
strain increased at every cycle) of a cross-ply CFRP [0/90/0}. Initial
electrical resistance R = 224 mQ.

as shown in Fig. 8. The abscissa is the applied strain and
the ordinate is the measured electrical resistance change.
As shown in Fig. 8, the load—unload relationship is almost
linear up to 4000y, and over 4000u strain, the measured
electrical resistance change increases rapidly due to fibre
breakages. For the cross-ply, however, a rapid increase of
electrical resistance change is observed at 3000y strain,
and a residual electrical resistance exists at the completely
unloaded condition when the maximum strain was over
30004

Fig. 11 shows the matrix crack density measured at the
specimen side surface by means of a replica method. The
abscissa is the applied strain and the ordinate is the mea-
sured matrix crack density. As shown in Fig. 11, matrix
cracking was generated at an applied strain of 3000u.
The matrix crack density increased up to 5000u.

The rapid increase of the electrical resistance of the
cross-ply laminate is observed over applied strain of
3000u in Fig. 10. Since the applied strain of 3000u was
smaller than the strain at the start of fibre breakage at
4000u observed in Fig. 8, the rapid increase was judged
to be caused by the matrix cracking. This shows that the
method is applicable for matrix crack detection even under
the loaded condition.

For practical tank structures, we have to know about
any matrix cracking before charging the tank. As shown
in Fig. 10, the residual electrical resistance at completely
unloaded increases after the generation of matrix cracking
over the applied strain of 3000u. Fig. 12 shows the results
of the residual electrical resistance change in the completely
unloaded condition. The abscissa is the maximum applied
strain before unloading and the ordinate is the residual
electrical resistance change measured in the completely
unloaded condition. This figure clearly shows that the
residual electrical resistance rapidly increases after matrix
crack generation over an applied strain of 3000u. This
result suggests that we can use the residual electrical resis-
tance to detect matrix cracks.

In the present study, a thin cross-ply laminate was used.
The thin cross-ply laminate had high residual stresses. In
the 90°-ply, tensile residual stress existed The matrix crack
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Fig. 11. Matrix crack density with an increase of applied strain measured
by means of a replica method.
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Fig. 12. Measured residual electrical resistance change of a cross-ply
CFRP for the completely unloaded condition plotted against the applied
maximum tensile strain.

surface remained open under the completely unloaded con-
dition due to the relief of the high tensile residual stress.
This made the residual electrical resistance change in the
completely unloaded condition. Since a practical composite
fuel tank aerospace structure is made of thin laminate, the
residual electrical resistance change is applicable to matrix
crack detection.

5. Conclusions

In the present study, we proposed a new method for
matrix crack detection by means of electrical resistance
change with integrated probes on a single surface of a
CFRP composite structure. For a fuel tank structure made
of a CFRP laminate, we cannot mount electrical probes on
the end of structures or on the inside surface of the tank
structures. We have to mount all probes only on the out-
side surface. The present method used FEM analyses to
search for the best placement of probes for matrix crack
detection using a rectangular plate. To simulate the tank
structure, all probes were placed on the single surface of
the CFRP plate specimen. The present study adopted a
four-probe method to measure the electrical resistance
change. The results obtained are as follows.

(1) The FEM analyses revealed that the electrical resis-
tance linearly increased with the increase of the num-
ber of matrix cracks between the inner probes.

(2) By means of thin CFRP cross-ply laminate, the
method was experimentally confirmed to be useful
for detecting the matrix crack density between the
probes.

(3) The residual electrical resistance at the completely
unloaded condition increased with increase of matrix
crack density.

(4) Measurements of the residual electrical resistance
enabled us to detect the matrix crack density without
loading.
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