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In the present study a technique for damage detection in nanoparticle-modified glass fibre reinforced
polymer (GFRP), using in-plane and through-thickness electrical resistance measurements, is presented.
Via this technique barely visible impact damages could be detected, localised and characterised (damage
mapping). Dispersion of different filler contents of MWCNT and CB was achieved in a three roll mill. GFRP
laminates with the modified matrix were manufactured with VARTM. Damage detection is realised mea-
suring the electrical resistance distribution of the specimens before and after impact and the analysis of
the damage correlated relative resistance changes. For the measurement a conductive silver ink electrode
grid was directly applied to the specimen’s surfaces, allowing a reliable localisation of the impact dam-
ages through damage mapping. Comparison between ultrasonic C-scans and the electrical damage map-
ping for a majority of the specimens showed a reliable correlation in the positions of the impact related
delaminations. Different nanoparticle modifications of the GFRP-laminates resulted in a significant vari-
ation of the sensitivity of the damage mapping method. The found results show a large influence of the
orientation of the electrodes as well as the used nanoparticles on the evaluated damage maps. Multiple
impact tests showed the suitability of the developed damage mapping-technique for the characterisation
of damage propagation regarding interlaminar delaminations and surface near matrix cracks.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Fibre-reinforced polymers gain more and more in importance in
times of growing demands of light, efficient and energy saving
structures. Fibre-reinforced polymers (FRP) offer high mechanical
properties at low densities, resulting in excellent specific stiffness
and strength. Due to their anisotropic structure, FRP fail in a com-
plex manner. The maintenance and non-destructive evaluation
(NDE) of FRP-structures is still a highly challenging task. This re-
sults in a high potential of an efficient and reliable method for
the NDE of FRP-structures to increase their reliability and lifetime.

One example for an application of GFRP with growing impor-
tance are rotor blades for wind turbines which can be subjected
to impact damage. Impacts result in internal damages, such as in-
ter-fibre failure, delaminations and fibre rupture. These may cause
the abrupt failure under compressive load of the whole GFRP struc-
ture and are difficult to evaluate in situ with state of the art NDE
methods. In order to improve safety considerations, minimise
down time, avoid sudden breakdowns and optimise maintenance,
structural health monitoring (SHM) of FRP structures has gained
increasing importance. Examples for NDE methods for FRP-struc-
tures are acoustic emission, thermography, X-ray, ultrasonic and
optical techniques. Some of the techniques allow detailed insights
in the health of FRP-structures, but most of them have serious
drawbacks and are not suitable for the in situ health monitoring
of large or complex structures. A promising approach of SHM in
FRP structures is the monitoring of the electrical material
properties.

One first approach towards the strain and damage sensing in
FRP through electrical measurements was the usage of electrical
conductive carbon fibres in CFRP [1]. Since the epoxy matrix is
an electric insulator, conduction is limited to the fibres. Changes
in the DC resistance could clearly be related to straining and rup-
ture of the carbon fibres. AC and DC electrical methods have been
extensively used to study the effects of different CFRP damages, e.g.
delamination or matrix cracking, under static and dynamic loading
conditions, on the electrical properties [2–11]. One main advantage
of these methods is that the sensor is an integral part of the struc-
ture. Although these methods can offer also quite some insight into
matrix related failure mechanisms, e.g. delamination, other tech-
niques may provide a much more detailed insight into these mech-
anisms. Furthermore these methods are only suitable for CFRP with
electrical conductive fibres. To overcome the latter restriction,
rix sys-
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Muto et al. [12] developed the approach of the addition of electrical
resistance based sensor fibres in non-conductive GFRP for SHM
purposes. The approach was for example used and further devel-
oped with carbon nanotubes (CNT)/polymer fibres as sensors by
Alexopoulos et al. [13,14]. To detect interlaminar delaminations
in GFRP and CFRP, Abot et al. used CNT-yarns, coated with a thin
dielectric layer to isolate them from the three-dimensionally wo-
ven carbon fibres in CFRP [15]. Although these techniques are suit-
able for in situ damage sensing, they underlie significant
limitations regarding the resolution, which is dependent on the
density of the sensor-fibre network.

An approach for the solution of the limitation of previous dam-
age sensing techniques is the modification of the electrical proper-
ties of the matrix by percolated nanoparticle networks. The matrix
is therefore used as a sensor material. Electrical resistance mea-
surements allow the detection of inter- and intralaminar matrix
failure as well as the indirect detection of fibre failure in FRP [16]
with a very high potential resolution of the technique. Due to their
electrical properties and the ability to form percolated networks,
carbon black (CB) and carbon nanotubes can be used for such
methods.

Böger et al. showed the influence on the sensing capabilities of
different nanoparticles as well as the resulting different percolated
networks formed in an epoxy matrix. A high sensitivity of the sens-
ing technique was found with a low filler content of CB or CNTs
close above the percolation threshold and therefore network struc-
tures with a low densitiy of conductive paths and a low redun-
dancy [17]. The redundancy of the electrical conductive network
is also dependent on the structure of the CNTs. Due to waviness
CNTs can form a great number of contacts between them, decreas-
ing sensitivity [18]. Böger et al. stated that delaminations in nano-
particle modified FRP result in an abrupt and significant change in
the electrical resistance of the laminate in-plane and in thickness
direction due to the three-dimensional distribution of the conduc-
tive paths [17].

Wardle et al. presented a damage mapping technique for a spe-
cial fuzzy-fibre reinforced polymer (FFRP), aluminiumoxide-fibres
with grown-on CNTs in an epoxy matrix [19]. They used a grid of
silver ink line-electrodes on both surfaces of the specimen to min-
imise the measuring effort. Due to the very low electrical resistiv-
ity, damage mapping of FFRP is not completely analogue to GFRP
with a nanoparticle-modified matrix. The good results accom-
plished by Wardle et al. showed the potential of damage mapping
techniques with line electrodes. They determined that the length
and distance of the electrodes had a significant influence on the
damage mapping results, an aspect yet to be investigated. In com-
parison with the recently investigated method of the electrical
resistivity tomography (ERT), for example by Baltopoulos et al.
[20] and Ye et al. [21], such damage mapping techniques via in
thickness resistivity measurements allow the detection of damages
with the same sensitivity independent of their position and dis-
tance to the specimen edge. Furthermore the ERT method’s ability
for detecting interlaminar delaminations is questionable. Concern-
ing this matter, Ye et al. presented the possibility to combine the
ERT method with in thickness resistance measurements to localise
severe impact damages in carbon black modified GFRP specimens
[21].

The goal of the present work is the development of a non-
destructive testing method for barely visible impact damages in
GFRP-plates modified with carbon-based nanoparticles using
electrical resistance measurements. In particular the influences
of different types of nanoparticles and filler contents are investi-
gated. To allow the detection and localisation of a barely visible
impact damage, a grid of conductive silver ink electrodes was
directly painted on the laminate. With the electrode grid it is pos-
sible to determine the local resistance changes in thickness direc-
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tion due to the impact damage. These changes can be related to
the two-dimensional position and the propagation of impact re-
lated delaminations.
2. Materials and specimen preparation

The epoxy resin Epikote RIMR 135 and the amine hardener
RIMH 137 from Momentive, Columbus/USA was used. This epoxy
matrix was especially developed to have a low viscosity for the
composite production through injection methods. To allow dam-
age detection through measurements of the electrical resistance,
three types of carbon nanoparticles were used to modify the elec-
trical properties of the epoxy matrix: 0.3 and 0.7 wt.% multiwall
carbon nanotubes (MWCNT) Baytubes C150P from Bayer Material-
Science, Leverkusen/Germany, 0.3 wt.% MWCNT NC7000 from
Nanocyl, Belgium, and 12 wt.% carbon black Printex 300 from
Orion Engineered Carbons, Hanau/Germany. The nanoparticle-
modified GFRP specimens were manufactured using vacuum
assisted resin transfer moulding (VARTM).

To achieve a homogeneous dispersion of the nanoparticles in
the epoxy matrix, the handmixed batches of nanoparticles and
epoxy resin were processed using a three roll mill [22]. The pro-
cessed highly concentrated masterbatches were mixed with addi-
tional epoxy resin and amine hardener to achieve the desired
weight content of nanoparticles in the epoxy matrix directly before
starting the VARTM process. To avoid porosities in the specimens
matrix was mixed in a laboratory vacuum stirrer. As fibre-rein-
forcement, 16 layers of the unidirectional glassfibre cloth type
92145 from P-D Interglas Technologies, Erbach/Germany, were
stacked to achieve a final laminate architecture of [06,902]S. The
produced GFRP-plates had a fibre volume content of 45%. After
48 h of curing in the mould at room temperature, the plates were
removed from the mould and post-cured for 15 h at 80 �C.

Two specimens with the dimensions of 120 � 120 � 3 mm3

from-each plate were cut from the central area. The bottom and
top surfaces of each specimen were polished with a 600 and
1000 grit sandpaper and cleaned with ethyl alcohol. In order to cre-
ate a grid of electrodes on both surfaces of the specimen, parallel
lines (10 on each surface, width: 1 mm, distance between: 5 mm
for the central 6 electrodes, 10 mm for the outer electrodes) of con-
ductive silver ink were applied. The electrode grids on the top (side
of impact) were perpendicular to the 0�-fibre direction and on the
bottom (opposite side of the impact) parallel to the 0�-fibre direc-
tion. This allowed resistance measurements between two neigh-
bouring electrodes on one surface as well as the resistance
measurements between two electrodes, each on one surface of
the specimen, to measure the electrical resistance at the idealised
crossing point in thickness direction. To achieve a higher resolution
of the damage mapping method in the central area of the specimen,
where the impacts were applied, the distance between the six cen-
tral electrodes was 5 mm instead of 10 mm (Fig. 1). To achieve a
repeatable, reliable and highly conductive contacting between the
silver ink electrodes and the measuring instruments, one piece of
copper wire was directly inserted in each electrode at one edge of
the specimen surface. The non-insulated copper wires were con-
nected to the instruments by highly conductive connection clamps,
avoiding direct contact between two copper wires.
3. Experimental

3.1. Damage mapping via electrical resistance measurements

To detect and localise damages in the nanoparticle-modified
GFRP-specimens, the electrical resistance in thickness direction
at each crossing point of the electrodes and the in-plane electrical
lectrical resistance measurements using nanocomposite epoxy matrix sys-
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Fig. 1. Grids of conductive silver ink electrodes on the bottom (grey lines) and top
side (white lines) with idealised measuring points (red points) in thickness
direction at the crossings of electrodes (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.).
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resistance between each pair of electrodes of the undamaged spec-
imens had to be measured first. The electrical resistances were
determined using a Keithley 2602 sourcemeter. A voltage of 10 V
(DC) was applied to minimise the required time for the measure-
ment of the complete grid, a switch box was used to address spe-
cific electrode pairs.

To minimise error three repeated measurements were realised
and the arithmetic averages calculated. Furthermore, prior to each
measurement series, the contact resistance was measured between
the electrodes and the highly conductive connection clamps. The
contact resistances compared to the resistance of the nanoparti-
cle-modified GFRP-specimen were very low (up to several magni-
tudes difference) and were therefore neglected in the following
analysis. After the complete evaluation of the electrical resistances
of the undamaged specimens, a low-velocity impact damage was
initiated in the centre of each nanoparticle-modified GFRP-plate
using a drop weight tower with an impact energy of 7.65 J (impac-
tor diameter 20 mm). Due to the laminate structure one impact
with 7.65 J (above delamination initiating energy) induces two del-
aminations in the GFRP-plates between 0� and 90�-layers (Fig. 2).
The electrical resistances of the impacted specimens in-plane and
in thickness direction were evaluated analogously to the prior
measurements allowing to calculate the resistance change in %.
The relative changes in electrical resistance in thickness direction
were further evaluated using the program OriginPro 8.5 from Origin
Lab Corporation. To illustrate the location, expansion and intensity
Fig. 2. Delaminations induced
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of the change in electrical resistance, two-dimensional maps, sub-
sequently called damage maps, were created. The areas between
and outside the measuring points were interpolated. Diagrams
were generated from the collected data of the in-plane electrical
resistances.

3.2. Ultrasonic C-scans of nanoparticle modified GFRP-specimens

To evaluate the results of the damage mapping method de-
scribed in 3.1 the specimens were examined via ultrasonic C-scans
using the pulse-echo-method to detect and classify the delamina-
tions caused by impacts. The ultrasonic examinations were per-
formed in demineralised water with the USPC 3040-System from
Dr. Hillger Ingenieurbüro with the Hillgus-software. Due to the
acoustic properties of glass fibres and the epoxy matrix as well
as the highly inhomogeneous structure of GFRP, some adjustments
of the ultrasonic test equipment and process were necessary for
the examination of the nanoparticle-modified GFRP-plates with
the available equipment. These adjustments included mainly pro-
cess parameters via the Hillgus-software. Furthermore an ultra-
sonic transceiver with a frequency range of 2–7 MHz was used to
optimise the testing frequency in reference to the acoustic proper-
ties of the materials. These modifications allowed a precise and
reliable evaluation of the impact related delaminations in the spec-
imens. Before inserting the impact damage, the plates were exam-
ined via ultrasonic C-scans to determine the quality of the material
as well as potential failures like porosities. The second series of C-
scans was taken after the impact insertion. To eliminate potential
influences of water remaining in the material (e.g. due to surface
cracks) the specimens were dried at least 24 h at room tempera-
ture before the resistance measurements for the damage mapping
were conducted.

4. Results and discussion

4.1. Electrical properties

The damage mapping technique via electrical resistance mea-
surements is heavily dependent on the electrical properties of
the percolated particle networks in the different specimens. The
filler contents of the different particles were chosen in dependence
of previous works to achieve percolation and a wide range of con-
ductivities. The DC resistances were measured with the previously
described methods. Fig. 3 shows the electrical resistances in thick-
ness direction (averaged and normalised to 10 mm distance be-
tween the electrodes). The specimens modified with 0.3 wt.%
Nanocyl NC7000-MWCNTs have the lowest DC resistances (approx.
100 kX/10 mm). Due to the spherical geometry and the electrical
properties of CB the Printex 300-modified specimen exhibit the
highest electrical resistance (approx. 40,000 kX/10 mm). Fig. 4
shows the electrical surface resistances of the different specimens
in fibre-direction and perpendicular to fibre-direction. To achieve a
by central impact damage.

lectrical resistance measurements using nanocomposite epoxy matrix sys-
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Fig. 3. Averaged electrical resistance normalised to 10 mm distance between the
electrodes of the nanoparticle modified GFRP specimens in thickness direction
(Filler contents: 0,3C150P: 0.3 wt.% Baytubes C150P; 0,7C150P: 0.7 wt.% Baytubes
C150P; 0,3NC7000: 0.3 wt.% Nanocyl NC7000; 12P300: 12 wt.% Printex 300).
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Fig. 4. Averaged in-plane electrical surface resistance normalised to 10 mm
distance between the electrodes of the nanoparticle-modified GFRP specimens
(Filler contents: 0,3C150P: 0.3 wt.% Baytubes C150P; 0,7C150P: 0.7 wt.% Baytubes
C150P; 0,3NC7000: 0.3 wt.% Nanocyl NC7000; 12P300: 12 wt.% Printex 300).

1 For interpretation of color in Fig. 5, the reader is referred to the web version of
this article.
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better comparability between the electrical resistances in plane
(with different electrode distances) and in thickness direction,
the resistances were averaged and calculated to an electrode dis-
tance of 10 mm.

It can be seen that the qualitative distribution of the resistances
of the different specimens is similar to the results in thickness
direction. Furthermore it can be observed that the CNT modified
specimens exhibit a much larger anisotropy in the in-plane electri-
cal resistance than the CB modified specimens. This anisotropy re-
fers to the anisotropic formation of the CNT network due to
laminate structure as well as the matrix flow direction in the
VARTM process. Due to the electrode geometry a direct compari-
son between the in-plane and the thickness measurements is not
possible. But it can be assumed that the resistivity in thickness
direction is higher than in fibre direction. A detailed analysis of
the electrical resistances in thickness showed an inhomogeneous
resistance distribution for some specimens, presumably caused
by fabrication via VARTM. To eliminate the influence of the inho-
mogeneous resistance distribution, the developed damage map-
ping technique evaluates relative changes of the local electrical
resistances in unloaded conditions.
Please cite this article in press as: Viets C et al. Damage mapping of GFRP via e
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4.2. Single impact damage mapping

Goal of the presented damage mapping method was the detec-
tion and localisation of interlaminar delaminations caused by an
impact. Coloured damage (resistance change) maps were created
for illustration purposes. To achieve a colouration of the complete
specimen surface instead of single data points, an interpolation via
OriginPro 8.5 for the regions between and outside of the data points
was used. The y-direction equals the 0�-fibre direction. Fig. 5
shows the damage map of an impacted GFRP specimen with
0.7 wt.% Baytubes C150P in the epoxy matrix. It can be clearly seen,
that the maximum resistance change of 9.2% occurs in the central
area of the specimen where the impact was initiated (red1 colour in
Fig. 5). The resistance change in that area suggests a significant dam-
age of the electrical conductive particle network. The black points
show the idealised measuring data points. The black outline repre-
sents the outer contour of the delaminations, evaluated via ultra-
sonic C-scans. The damage map displays the position of the
delamination and roughly the expansion of the damage in x- and
y-direction. Due to the fact, that the conductive pathways of the per-
colated network are interrupted mostly in the area of overlapping
delaminations (shown in the corresponding ultrasonic C-scans in
Fig. 6), this area exhibits the highest resistance changes.

Noticeable in all generated damage maps is the exceeding elon-
gation of the area of resistance change in y-direction compared to
the damaged area in respective to the ultrasonic C-scans. This elon-
gation can be explained by higher conductivity of the specimens in
fibre direction in combination with the laminate structure and the
line geometry of the electrodes which allows alternative conduc-
tive paths.

The highest resistance changes (up to 12.9%) after a single im-
pact damage could be observed with the specimens with 0.3 wt.%
Nanocyl NC7000 in the epoxy matrix. These specimens also show
the most significant elongation of the damaged area due to the
high anisotropy of the electrical conductivity. The specimens mod-
ified with 0.3 wt.% Baytubes C150P show a significantly lower, but
still reliable, measureable resistance change of up to 3.9% and
therefore a lower sensitivity to damage. On the other hand-they
show a more accurate illustration of the damaged area in x-direc-
tion. As expected the undamaged outer areas of most of the CNT
modified specimens reveal just minor resistance changes. As illus-
trated in Fig. 7, the specimen with 12 wt.% Printex 300 CB in the
epoxy matrix showed a slightly deviating behaviour. The area of
maximum resistance change (3.6%) is not positioned at the centre
of the specimen (impact point) but in the areas above and below
that point. In total the CB modified specimen shows a more inho-
mogeneous damage map with slight resistance changes outside the
delamination area. These resistance changes are possibly induced
by the relatively inhomogeneous structure of the laminate due to
fabrication errors such as pores, fibre ondulations and filter effects
caused by the high filler content used. The damage map of this
material also shows the described elongation of the area of resis-
tance change in the 0�-fibre direction. Regardless of the inhomoge-
neity of the material resistivities, a successful detection and
localisation of the delaminations could be achieved with the devel-
oped damage mapping technique.
4.3. Detection of surface deformation and cracks

In addition to the damage mapping in thickness direction, mea-
surements of the electrical surface resistances between electrode
pairs before and after the impact damage were carried out and
lectrical resistance measurements using nanocomposite epoxy matrix sys-
.09.049

http://dx.doi.org/10.1016/j.compositesb.2013.09.049


Fig. 5. Damage map of a GFRP specimen, modified with 0.7 wt.% Baytubes C150P, after impact with 7.65 J with delamination contour derived from an ultrasonic C-scan.

Fig. 6. Ultrasonic C-scan of GFRP specimen, modified with 0.7 wt.% Baytubes C150P, after impact with 7.65 J (left: failure echo, middle: failure depth, right: backside echo).

Fig. 7. Damage map of a GFRP specimen, modified with 12 wt.% Printex 300, after impact with 7.65 J with delamination contour derived from an ultrasonic C-scan.
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evaluated to detect surface deformations, cracks and inter-fibre
failures respectively. It should be noted that, due to the line geom-
etry of the electrodes, only measurements of the complete surface
Please cite this article in press as: Viets C et al. Damage mapping of GFRP via e
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width and in only one direction per surface were possible. Further-
more, the damaged area is usually small compared to the length of
the electrodes. The sensitivity of the resistance change for cracks
lectrical resistance measurements using nanocomposite epoxy matrix sys-
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perpendicular to the electrodes, predominant on the upper surface
of the specimens is therefore relatively low due to the laminate
structure and the electrode placement perpendicular to the 0�-fi-
bre direction. Fig. 8 shows the relative resistance change caused
by one impact (7.65 J), measured between the electrodes on the
upper surface of a specimen, modified with 0.3 wt.% C150P. It
can be seen, that the most significant change in resistance (approx.
�0.95%, other specimen with identical particle-modification:
�1.45%), occurs in between the central pair of electrodes (F–G)
due to the impact damage on the upper surface. Because cracks al-
ways lead to an increase in electrical resistance, this decrease can-
not be attributed to matrix cracks. The compressive deformation of
a percolated particle network can lead to a local decrease in elec-
trical resistance as also described in [22]. Slightly visible plastic
surface deformation in this area indicates such a decrease in elec-
trical resistance due to the piezoresistive behaviour of CNT and CB
nanocomposites. Bearing in mind the low geometrical fraction of
the deformed area compared to the entire electrode length, the lo-
cal decrease of electrical resistance has to be extensive. The other
modified specimens show a similar behaviour. The highest
decrease in electrical surface resistance between the central elec-
trodes (approximately 1.55%) could be obtained with a Printex
300-modified specimen. This suggests a superior piezoresistive
behaviour of CB modified over CNT modified GFRP. The with
0.3 wt.% NC7000 MWCNTs or 0.7 wt.% C150P modified specimens
show electrical resistance decreases between the central
electrodes on the upper surface of 0.1–0.45%.

Fig. 9 shows the relative resistance changes between the elec-
trodes on the bottom surface of a NC7000 MWCNT modified spec-
imen caused by one impact with 7.65 J. As it can be seen in Fig. 9
the specimen reveals a significant increase in electrical surface
resistance between the central electrodes (6–7) of up to 11.4%.
The increase arises from the formation of surface matrix cracks
and inter-fibre failures in the lower 0�-layer parallel to the elec-
trodes in the middle of the specimen. These are visible to the naked
eye and disturb the electrical conductive pathways in the perco-
lated particle network [22]. The other tested materials showed a
similar behaviour with different sensitivities (12 wt.% Printex
300: 11.3% increase in resistance; 0.3 wt.% C150P: 0.5–3.6%;
0.7 wt.% C150P: 6.3–8.1%).

4.4. Multiple Impact damage mapping

To evaluate the influence of damage propagation on the damage
mapping technique, multiple impact tests were performed.
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Therefore the electrical resistances in thickness and in-plane direc-
tion of a specimen with 0.3 wt.% NC7000 in the matrix were mea-
sured before the first impact, after one impact, after 5 impacts and
after 10 impacts. The low-velocity impacts had constant impact
energies of 7.65 J and introduced at the approximately same posi-
tion. Fig. 10 shows a comparison of the damage maps of the multi-
ple impact tests. The relative resistance changes were calculated in
reference to the resistances of the undamaged specimen. The com-
parison of the multiple impact damage maps in Fig. 10 shows
clearly the increasing propagation of the damage and therefore
the area and intensity of electrical resistance change with an
increasing quantity of impacts. In the area of highest resistance
change in thickness direction and therefore highest damage con-
centration, the maximum detected resistance change after one im-
pact is 12.2%. After 5 impacts it increases to 19.8% and after 10
impacts to 24.6%. The area of resistance change also increased in
size, which correlates with the associated ultrasonic C-scans. This
leads to the conclusion that the developed damage mapping tech-
nique not only allows to detect and localise delaminations in nano-
particle-modified conductive GFRP, but also allows an analysis of
the damage state and propagation relating to interlaminar delam-
inations. Fig. 11 shows a comparison of resistance changes be-
tween the electrodes on the bottom surface of the specimen at
different impact quantities. The increasing electrical surface resis-
tance between the central electrodes correlates with the observed
increase and propagation of surface cracks in that area.
4.5. Evaluation of damage mapping technique and materials

To evaluate the suitability of the different nanocomposite ma-
trix systems based on different carbon nanoparticles used in this
work, the results of the damage mapping tests were compared. It
was shown that the structure of the CNTs has a significant influ-
ence on the electric behaviour and the sensing capabilities. Speci-
mens with a matrix modification using 0.3 wt.% Nanocyl NC7000
MWCNTs for example showed a much higher sensitivity to damage
and a significantly lower electrical resistance than Baytubes C150P
modified ones with an equal filler content. The main differences
between NC7000 and C150P are a higher degree of agglomeration
and entanglement of the Baytubes C150P as well as the higher
effective aspect ratio of the NC7000 MWCNTs [23,24]. The results
of these differences are a low percolation threshold for NC7000
MWCNTs [25] and, due to the fact that the resistance of nanopar-
ticle modified epoxy is mainly determined by the number of
lectrical resistance measurements using nanocomposite epoxy matrix sys-
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Fig. 10. Damage maps of a GFRP specimen, modified with 0.38 wt.% Nanocyl NC7000, after 1,5,10 impacts with 7.65 J with delamination contours derived from ultrasonic C-
scans.
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Fig. 11. Compared resistance changes between electrode pairs on the bottom
surface of a specimen, modified with 0.3 wt.% NC7000, after 1, 5, 10 impacts with
7.65 J.
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contact resistances between the particles [26,27], a much higher
electrical conductivity. Because of the more entangled structure
the percolated networks of C150P modified specimens have a high-
er redundancy [18] and therefore a lower sensitivity to local
damage.
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The difference in electrical resistance between with 0.3 wt.%
and 0.7 wt.% C150P modified GFRP indicates that the percolation
threshold of this nanoparticle/epoxy system lies in between these
concentrations. This context offers a possible explanation for the
higher sensitivity of 0.7 wt.% C150P modified GFRP over 0.3 wt.%
C150P modified GFRP. Previously it was discussed, that the highest
sensitivity to damage could be reached with a particle concentra-
tion near the percolation threshold [17]. The results suggest, that
the filler content of 0.7 wt.% is closer to the percolation threshold.

The Printex 300-modfied GFRP showed a relatively low sensitiv-
ity to damage compared to the CNT-modified specimens. Due to
the fact that Printex 300 does not form a fractal particle structure
[28], a high filler content was necessary to achieve sufficient elec-
trical conductivity for the damage mapping technique. As a result
of the low aspect ratio of the particles (spherical) and the high filler
content, it can be assumed that the particle network of the Printex
300 modified GFRP has a high redundancy and therefore a low sen-
sitivity to damage. Additional conductivity measurements with
different filler contents showed that the percolation threshold for
Printex 300 lies lower than 12 wt.%. For future works the sensitiv-
ity of this material system could be increased with lower filler
contents.

Compared to the delamination contours obtained-from ultrasonic
C-scans, the damage maps showed an elongated form in y-direc-
tion. The source of this elongation lies first of all in the material
itself as well as in the configuration of the electrodes. As the
damage maps showed, the elongation of the area of significant
lectrical resistance measurements using nanocomposite epoxy matrix sys-
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resistance change lies in the main fibre (0�) and injection direction.
The Results showed that the electrical conductivity of the CNT-
modified specimens was significantly higher in that direction,
showing the higher formation of conductive pathways. If damage
in percolated networks occurs, theoretically the current flows
through alternative conductive pathways. Since the electrical resis-
tance in y-direction is much lower than in x-direction, the current
distributes preferably in y-direction. As consequence of the aniso-
tropic electrical properties of the bidirectional GFRP, the electrical
measurements and finally the damage mapping results reflect this
anisotropy. This is shown by their smaller appearance of the dam-
age in 90� and wider appearance in 0�-direction. The line elec-
trodes on the bottom surface (parallel to the 0�-fibre direction) of
the specimens allow a further spreading of the current flow in
y-direction and therefore an undefined contact point between
the percolated network in the specimen and the electrode.

In comparison to other approaches of the damage sensing in
GFRP via electrical measurements, a clear and reliable detection
and localisation of the damage was achieved. The resolution of this
technique is solely restricted by the density of the electrode grid
and the pathways in the percolated network. To achieve a similar
resolution with damage sensing techniques based on electrical
conductive fibres (for example [13–15]), a high density of inter-
laminar woven sensor fibres is necessary. This may have a negative
influence on the mechanical properties. Previous studies showed
that small amounts of CNTs do not degrade the mechanical proper-
ties of GFRP [17].

The assumption, that the current flows in thickness direction
only at the ideal crossing points between two electrodes, cannot
be verified. To avoid the resulting errors (e.g. the elongation of
the area of resistance change in y-direction, in-plane detection of
matrix cracks only one-dimensional), a more homogeneous con-
ductivity of the particle network and an array of point electrodes
are necessary. However, a line electrode grid has the advantage
of minimal contacting effort and flexible practical application.
The application of partially isolated line electrodes with only point
contacts to the specimen is a promising approach for future re-
search to combine the advantages of line and point electrodes.
The electrical resistivity tomography (ERT), as presented by Balto-
poulos et al. [20], offers a possible solution for the in-plane detec-
tion of damages in nanoparticle modified GFRP plates. Since the
ERT shows a high potential for the in-plane detection of damages,
the poor abilities of the technique to detect interlaminar damages
like delaminations caused by impacts could be equalised by the
additional application of the presented damage mapping tech-
nique. The lack of depth information of both techniques could be
neutralised by the insertion of electrode grids between the lami-
nate layers. In this way a three-dimensional analysis of the speci-
men would be possible.
5. Conclusions

This study demonstrates the high potential for the damage
mapping of carbon nanoparticle modified GFRP via electrical resis-
tance measurements for future applications in safety- or cost-rele-
vant FRP structures as well as significant advantages over other
approaches on damage sensing regarding reliability, sensitivity
and practicality. The presented method can be implicated for the
in and ex situ structural health monitoring of FRP-structures, only
using the electrical conductive nanoparticle-modified matrix as a
sensor itself without additional sensors.

The detection and localisation of barely visible impact-related
damages via electrical resistance measurements was possible for
all tested materials with the developed technique. Furthermore,
the significant influence of the different nanoparticles and filler
Please cite this article in press as: Viets C et al. Damage mapping of GFRP via e
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contents on the results of the damage mapping, especially regard-
ing the sensitivity of the resistance to damage, was shown. The
highest impact-related change in resistance and therefore the
highest sensitivity in damage detection could be reached with a
Nanocyl NC7000-MWCNTs modified GF/epoxy-laminate with a fil-
ler content of 0.3 wt.%. The in-plane detection of surface near ma-
trix cracks is also possible, but restricted by the electrode
geometry. Multiple impact tests have shown that the developed
damage mapping technique is suitable for the characterisation of
damage propagation and accumulation regarding interlaminar del-
aminations and surface near matrix cracks additionally to the
detection and localisation. Furthermore the detection of plastic
surface deformations with electrical resistance changes was
shown.

Future studies will deal with detailed investigations of the elec-
trical properties and the sensing capabilities of nanoparticle mod-
ified GFRP and the optimisation of material systems for damage
sensing application as well as the development of damage map-
ping techniques, which provide a three dimensional information
of the damage state. To reduce the corruption of the damage map-
ping results due to the line geometry of the electrodes but simul-
taneously benefit from the minimal contacting effort, partially
isolated line electrodes with point contacts to the material can
be used.
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