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Abstract

In this study, we present an online-monitoring approach using silver nanoparticle based ink on carbon
fiber reinforced plastics (CFRP). After production of CFRP plates in a prepreg autoclave process and
printing conducting paths on the material, we investigate the interface of CFRP and conducting paths
of printed silver nanoparticle based ink by light microscopy. Mechanical tests with simultaneous
electrical resistance measurement demonstrate the applicability of the presented method for a
structural health-monitoring system. Delaminations can be detected and localized inside of the
material by electrical through thickness measurements. Furthermore, resistance measurements of the
conductive paths allow for surface crack detection and might be established as alternative method to
other structural health-monitoring methods.

1. Introduction

Carbon fiber reinforced plastics (CFRP) are widely used in various industries such as aircraft,
aerospace, automotive, and wind energy. To assure integrity and avoid catastrophic structural failures,
usually periodic inspections are carried out, which can be time-consuming and costly especially for
large structures due to expensive non-destructive testing (NDT) processes and downtime. Hence, a
permanent monitoring of the integrity of the structure during operation, namely a structural health-
monitoring (SHM) system, is valuable in many cases. SHM offers a high potential to increase safety,
reliability, and cost efficiency of fiber reinforced structures.

Several approaches for monitoring composite structures exist [1-6]. One promising SHM method for
materials which are not electrically insulating is the electrical resistance measurement [7]. In CFRP,
the carbon fibers are electrically conductive and the polymer matrix is non-conductive. The high
electrical conductivity of carbon fibers allows for in situ strain monitoring and damage detection by
electrical resistance measurements [8—13].

To exploit the electrical conductivity of CFRP and use the material itself as a sensor in an SHM
system a reliable contacting of the material is crucial to enable electrical resistance measurement
during operation. Due to its excellent reproducibility and high potential for industrial automation, ink-
jet printing is a promising technology to place conducting paths on the material and realize reliable
contacts for electrical resistivity measurements [14—17].
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2. Materials and specimen preparation
2.1. CFRP specimens

The used carbon fiber reinforced prepregs consist of an epoxy matrix and carbon fibers (Hexply
M21/34%/UD194/T800S by Hexcel) and have a fiber volume content of 57.77 + 0.01 % (measured on
8 samples of the cured carbon fiber laminates according to DIN EN 2564). CFRP plates with the
laminate layup [903 / 0-]s were laminated from the prepregs and cured in an autoclave process at a
temperature of 180 °C and a pressure of 7 bar for 120 minutes in a nitrogen atmosphere. Subsequently,
specimens with dimensions of 100 mm x 15 mm x 1.875 mm (in accordance with DIN EN ISO 14125)
were cut from the plates using a water-lubricated diamond saw.

2.2 Printed conductive paths

Functional silver-ink was printed on the CFRP surface to obtain conductive paths. Silver nanoparticles
(31.0 wt.-%) with a D90 value (90 percent of the distribution lies below this value) of 60 nm were
dispersed in the solvent butyl carbitol (68.5 wt.-%). The density of the ink is 1.48 g/ml and the
viscosity measures 17.6 mPas at a shear rate of 1000 s at room temperature. For steric stabilization,
0.5 wt.-% ethyl cellulose was added which assures a stable suspension for about three hours. Thus,
during the printing process the composition of the ink is constant. The used single nozzle print head
(by microdrop Technologies) has a nozzle diameter of 70 um. A piezo actor controls the emission of
single drops. The voltage and the current pulse applied to the piezo actor as well as the nozzle
temperature can be varied to obtain an optimal drop. The control software and the moveable table
where the substrate is placed on allow for printing images on the CFRP. This system forms a reliable
and reproducible drop with the ink as described above. The smaller the size of the silver particles, the
higher the corresponding surface-volume ratio, which is accompanied with the surface energy.
Therefore, in the sintering process the thermal energy can be reduced. Here, a temperature of 170 °C
was applied for four hours to obtain conductive silver paths.

2.3. Specimen preparation

To enable reliable contacting with the system for resistance measurements stranded copper wires were
connected with the printed conductive paths using conductive silver paint. After finished preparation,
the specimens were dried for five hours at 40°C in a vacuum oven and stored in a desiccator until
testing to keep the specimen conditions constant.

3. Experimental
3.1. Test setup

We conducted three-point bending tests using a universal testing machine (Zwick Z2.5 TH). The test
speed was set to 2 mm/min to generate a sufficient time interval between the individual failures to
detect the failures separately. Ceramic cylinders (Al,Os) ensure electric insulation of the specimens
during testing. The distance between the lower cylinders is 55 mm and the diameters are 10 mm and
4 mm for the upper and lower cylinders, respectively.

Two different test series were conducted described in the following. In the first test setup conductive
paths are printed parallel to the 100 mm long edges and the resistance is measured along these paths to
investigate the change of resistance along the paths exposed to bending. In addition, tests with printed
paths on both sides of the specimens are tested and the resistance is measured through the material
during mechanical testing.
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3.2. Electrical resistance measurements along printed paths

The specimen geometry and the locations of the conductive paths are shown in Figure 1 (a). Two paths
are printed on the bottom side of the specimen. The number of two paths enables to compare two
measured signals of paths lying next to each other. To measure the DC resistance over the length of
the conductive paths the ends of the paths are connected with a digital multimeter (Keithley 2000).
Figure 1 (b) shows a schematic of the test setup.
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Figure 1. (a) Specimen geometry, design of conductive paths for measuring resistance along printed
paths, (b) Three-point bending test setup with electrical resistance measurement along printed paths

3.3. Electrical measurement through material

To be able to measure the resistance through the material, specimens with printed paths on both sides
are produced. The design of the conductive paths for measuring through the material is shown in
Figure 2 (a). The DC resistance is measured from the top electrode to each of the four electrodes on
the bottom side of the specimen. Figure 2 (b) shows the test setup and the connected electrodes for the
four measured resistances.
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Figure 2. (a) Specimen geometry, design of conductive paths for measuring resistance through
material, (b) Three-point bending test setup with four-channel electrical resistance measurement
through material
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4. Results
4.1. Electrical resistance measurement along printed paths

Figure 3 shows the results of the mechanical and electrical measurements for a specimen with typical
characteristics. The resistance without loading (Rp) is 2.1 Q for both conductive paths, and the
resistance change (AR) is specified as the difference of the measured resistance without (Rg) and
during loading (R).

The force increases to a maximum at a displacement of 14.8 mm and fracture of the specimen occurs
at 18.7 mm. In addition to the mechanical response, the change of electrical resistance is shown for the
two conductive paths, measured from one end to the other of the same path, respectively. Both, the
force-displacement curve and the resistance change-displacement curves contain several
discontinuities indicated by circles in the diagram. The discontinuities correlate perfectly with the
steps in the resistance change.
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Figure 3. Force and resistance change of conductive paths versus displacement

The discontinuities in the measured force are present due to damages in the material. Since the
dominating failure modes in cross-ply laminates subjected to bending and the failures observed in the
tested specimens are inter-fiber failure and delamination, these two failure modes correspond to the
discontinuities of the measured force and resistance signals. All failures detected by the measured
force and therefore all inter-fiber failures and delaminations exceeding a certain amount of energy
release can be detected by resistance changes. The resistance increase at the end of the test (up to
unmeasurable values) indicates the final fracture of the specimen cutting the specimen completely and
therefore all possible conductive paths for current flow. Hence, all failures exceeding a certain size and
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therefore being relevant for the integrity of the specimen as well as the final fracture can be detected
reliably.

Light microscopy observations of the damaged printed paths show that inter-fiber failures at the
surface cause interruptions as well as flaking of the paths in proximity to the cracks (see Figure 4).
Hence, when inter-fiber failures occur the resistance increases due to the interruption of the paths in
the region of the cracks at the surface. The current flow in case of inter-fiber failures flows through the
CFRP, which has a higher resistance compared to the silver based printed path resulting in a resistance
increase. The current flow is schematically shown in Figure 5.

Inter-fiber failure

Flaked area

Figure 4. Light microscopy observation of printed path after testing
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Figure 5. Schematic of current flow (white arrows); left: through undamaged printed path;
right: through damaged printed path and composite material in case of inter fiber failures

This method enables to detect inter-fiber failures reliably on the surface. It can be used to monitor
surfaces where surface cracks are crucial.

4.2. Electrical measurement through material

Mechanical and electrical measurements for a typical behaving specimen are plotted in Figure 6. The
mechanical response is qualitatively the same as in Figure 3. The resistance changes are different for
the four measured channels. For channel 1 (from top electrode to low electrode 1) and channel 4 (from
top electrode to low electrode 4) the relative resistance change is in the range of +/- 2.5 % until final
fracture where the resistances suddenly increase to infinity. The resistance change of channels 2 and 3
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(from top electrode to lower middle electrodes) increases significantly with increasing displacement
up to 26 % and 17.5 % before final failure, respectively.
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Figure 6. Force and resistance change of the four measured channels versus displacement

The non-significant resistance changes of channel 1 and 4 (to electrodes left end right of the
specimens) indicate that the current flow is not changed significantly. It is assumed that close to these
electrodes no delaminations and inter-fiber failures that interrupt the current flow are present. For
channel 2 and 3 the resistance increase indicates that damages occur inside of the material close to the
most stressed areas in the center of the specimen. This can be proven by light microscopy observations
of a tested specimen shown in Figure 7. Above electrodes 2 and 3 (center electrodes), inter-fiber
failures in the three lower 90°-layers and delaminations in between the 0° and 90°-layer are found.
Above the outer electrodes (1 and 4) only inter-fiber failures are detected by light microscopy.

Figure 7. Light microscopy observation after testing of polished sections. Left: Region above
electrodes 2 and 3 (middle electrodes), inter-fiber failures and delaminations. Right: Region above
electrodes 1 and 4 (outer electrodes), only inter-fiber failures
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The comparison of the regions close to the outer electrodes and close to the inner electrodes shows that
the only difference is the presence of delaminations in the higher loaded (center) area. Inter-fiber
failures in the 90°-layers are present in all areas. Since the resistance change increases only for
measurements with electrodes close to the most loaded areas where delaminations occur,
delaminations can be detected by a significantly higher resistance change compared to areas where
only inter-fiber failures occur, which are not detected by the through-thickness measurements.

5. Conclusion

Ink-jet printed silver nanoparticle ink on CFRP allows for in situ monitoring and detection of both,
surface cracks and certain defects inside of the CFRP. If inter-fiber failures occur on the surface, the
electrical resistance measured along single printed paths increases due to interruptions of the printed
paths, which have a lower resistance than the CFRP. Failures inside of the material can be detected by
measuring the electrical resistance through the CFRP. With the through thickness measurements
delaminations can be detected by an increase of the electrical resistance. If multiple electrodes are
printed on the material surface and several measurements are conducted synchronously, a localization
of the defects is possible. Hence, in case of intelligent designs of printed paths a detection and a
localization of inter-fiber failures and delaminations in CFRP is possible.
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