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Abstract. This paper presents the research activities in the framework of the European
MORPHO H2020 project regarding the integration of sensors in composite parts using
printing technologies. Printed sensors reported here are able to detect impacts on the host
composite structure and to measure temperatures. For temperature measurements
thermocouples type T (Cu-CuNi) were used. These type T thermocouples consist of Cu and
CuNi materials, which are joined together to form a junction. When the temperature in the
junction changes, a small voltage is generated by the thermocouple. This voltage can be
measured and can be related to the temperature. For impact detection, printed piezoelectric
sensors were implemented in carbon fiber reinforced composite materials. Piezoelectric
sensors are based on piezoelectric materials. A voltage is generated when pressure is applied
on the sensor or when a wave is crossing the sensor. These piezoelectric sensors are able to
measure and localize an impact by measuring the time difference of the arrival of the signal
from different piezoelectric sensors.

Key words: SHM, CFRP, piezoelectric sensor, thermocouples, composite structures,
innovative printing technology, MORPHO H2020 project.

1 INTRODUCTION

In aviation industry, there exists an increasing demand for structural health monitoring
(SHM) of carbon fiber reinforced composite materials (CFRP), which are needed for
aerospace structures because of their unique stiffness to weight ratio. The challenge in such a
context is to integrate smart systems in composites for lightweight constructions using
different sensors without mechanically changing the structural behavior of the host structures
(low weight addition and as small as possible stiffness modification) [1-2]. Innovative
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printing technologies allow the integration of printed sensors in composite parts and
components by satisfying these criteria. For this purpose, manufacturing and integration
processes of sensors in composite parts using printing technologies are investigated here. In
this paper, piezoelectric sensors as well as temperature sensors were deposited directly on
composite aeronautics parts representative of the aeronautic industry using screen printing and
Acrosol Jet” printing technologies. As an architecture network, printed individual sensors can
be connected to an overall system [3-4].

The great advantage of printing technologies is the possibility to deposit customized sensor
structures directly on planar and non-planar surfaces. The usage of printing technologies
results in a great accuracy, reliability, and cost reduction also in a later production process.
The development of electrically conductive composites allows the deposition of conductive
paths between the sensor structures on the part and finally a connection to the power supply
unit. This allows for the realization of a complete sensor structure with low added weight and
low influence on the host structure. The sensor technology platform itself offers a broad range
of variations of piezoelectric sensor candidate architectures into manufacturing process. The
printed sensor network consists of several connected piezoelectric sensors, which build a
dynamical load and displacement sensitive element. To detect, localize, classify and quantify
damage to CFRP parts, composite aeronautic structural elements may be monitored using data
from such printed sensors [5]. This innovative sensor technology can thus be used for SHM
by providing a complete and continuous observation of the whole system in the aircraft, but
also in any other application area having similar requirements [6].

2 PIEZOELECTRIC SENSORS FOR IMPACT DETECTION

For impact detection piezoelectric sensors were printed on CFRP parts provided by
SAFRAN in the framework of the MORPHO H2020 project. These sensors have a 3-layer
structure, which consist of a bottom electrode (BE), the piezoelectric layer, and a top
electrode (TE). For the electrodes silver conductive paste ESL 1901-SB was used. This silver
paste is a silver-filled, flexible resin material designed for use as an electrical conductor. For
the piezoelectric layers lacquer from ALGRA AG was used.

2.1 Sensor integration process using screen printing technology

Using screen printing, the silver paste is deposited on a screen and then spread by a flood
bar passing over it. This flooding step fills the mesh openings of the screen with paste. In the
following printing step, a squeegee overcomes the screen pressure to apply the paste onto
CFRP test samples. While printing the viscosity of the paste is reduced by velocity and force
of the squeegee. This thixotropic behavior of the paste is necessary for a good printability.
Using this process in a first step silver bottom electrodes were printed on the test samples.
After printing the silver structures were dried, before the piezoelectric paste was deposited on
another screen and then also transferred by a flood bar passing over it. The following process
was similar as previously described for the silver paste. After printing the piezo structures
were dried, too. In a final step, the silver paste was used again to print the top electrode.

1818



Ingo Wirth, Marc Rebillat, Frédéric Lettelier, Mario Kohl, Jan Conen, Marc-Oliver Becker, Tim Rusch

Squeegee

5 j Printing paste

| Barrier layer
i
Screen frame o /

Substrate

5

lxxr; f}j I

Figure 1: Schematic diagram of the screen-printing process

For each piezoelectric sensor three screens will be used with structure and interspace width
of minimum 100 pm. Multilayer printing can be performed with accuracies in the range of 2 -
20 um. Figure 1 shows a schematic diagram of the screen printing process.

All powder-filled screen-printing pastes consist of a binder system, elemental or pre-
alloyed powders and further additives. Particle sizes of the used powders were in the range of
1 - 30 um. Homogenization of the pastes was performed by a three roll mill. Screening of the
right powders and the composition of the ingredients are some of the parameters, which can
be varied to achieve optimized results [7-8].

2.2 Polarization of printed piezoelectric sensor structures

After printing, the piezoelectric layers are unpolarized. There is no overall piezoelectric
effect because all dipoles in the piezoelectric layers are randomly oriented. For orientation
and therefore polarization of the dipoles in the printed sensor structures, they were placed in
an electromagnetic field [9]. This process was executed at voltages of U = 400 V and
temperatures of T = 100 °C for t = 30 min (Figure 2).
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Figure 2: Polarization of PZT sensors on CFRP test samples

Investigation of the printed piezoelectric sensors result in d = 135 um for the piezoelectric
layer thickness. Figure 3 shows such a layer thickness measurement using a Keyence VHX
digital microscope. The height of the printed structure was measured along the blue line.

Figure 3: Investigation of layer thickness of piezoelectric layer using a Keyence VHX digital microscope
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2.3 Electromechanical characterization of the printed piezoelectric sensors

After polarization, the piezoelectric sensors were characterized electrically regarding the
repeatability of the printing process. Impedance measurements were performed using a
HIOKI 6330 LCR-meter between 100~Hz and 100~kHz on five different piezoelectric
elements printed with the same process parameters on the same composite substrate. Obtained
results show that printed piezoelectric sensors were electrically capacitive, as expected, with
very similar impedance measurements (Figure 4). Furthermore, the static capacities of all
printed piezoelectric sensors were similar and in the range of =~ 2 nF which ensures their
compatibility with standard laboratory equipment.
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Figure 4: Variation of the modulus of the impedances with frequency measured for 5 similar printed
piezoelectric elements. A good repeatability of printed piezoelectric sensors process can be observed.

The second test that has been carried out is related to the electromechanical sensitivity of
the printed piezoelectric elements. When an impact occurs on the host structure, it generates
propagating waves within the structure, that will produce a dynamical pulse on the sensors
and thus result in a measurable voltage. Sensor signals as a result of an impact detection with
marbles are shown to be as large U = 2 V (Figure 5). Using a hammer sensor signals up to U
= 6 V can be achieved. It can thus be concluded that these sensors work successfully for
impact detection.
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Figure 5: PZT sensor signals / impact detection on CFRP test samples

Impacts can be detected and localized by measuring the time difference of the arrival of the
signal from different printed piezoelectric sensors. Figure 6 shows a possible arrangement of
piezoelectric sensors for local impact detection of a glass fiber composite (GFK) sample. An
experimental campaign is currently underway in order to demonstrate the feasibility of such
an approach. However, given the amplitudes of the recorded signals, there is no doubt that it
will be successful.

Figure 6: Piezoelectric sensors on GFK sample
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3 PRINTED THERMOCOUPLES FOR TEMPERATURE MEASUREMENTS

3.1 Integration process using Aerosol Jet Printing technology

Acrosol Jet® Printing process was used to integrate temperature sensors in CFRP test
samples. It allows a high-resolution deposition of nanoscaled suspensions using aerodynamic
focusing. To achieve this, the Aerosol Jet® system consists of two modules: A module for
aerosol generation from liquid and colloidal suspensions and a module for aerosol focusing
and droplet deposition in the printhead. The aerosol is generated using a pneumatic nebulizer.
After generation, the aerosol stream is focused using a flow guidance deposition head which
forms a co-axial flow between the aerosol stream and a sheath gas stream (Figure 7). For the
sheath gas stream, nitrogen is used, because it is a relatively cheap inert gas. Due to the co-
axial flow, the sheath gas stream prevents contact of the aerosol stream with the inner
cladding of the printhead nozzle. In the printhead, the aerosol stream, which consists of many
single droplets in the femtoliter range, is focused down to as small as a tenth of the nozzle
diameter [10-13].

Using a nozzle diameter of 200 pum, Cu and CuNi nanoscaled inks were applied to
integrated Cu/CuNi-thermocouples on CFRP test samples. The aerosol was deposited on the
CFRP test samples by moving the printing module relative to the substrate surface.

Figure 7: Aerosol Jet” printing process

For application of Cu/CuNi-thermocouples on the CFRP test samples CuNi nanoparticle
ink was used. This ink was developed at IFAM and contains nanoparticles in diethylene
glycol (DEG) [14-15]. Cu ink with nanoparticles is commercially available from
NovaCentrix. Electrically conductive tracks were applied using commercial available Ag ink
from Advanced Nano Products (ANP).

Temperature sensors (Cu/CuNi-thermocouples) were printed on CFRP test samples using
Cu and CuNi nanoparticle inks (Figure 8). Sensors could be embedded using a lacquer
coating, which was sprayed on the surface.
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Figure 8: Printed temperature sensors (Cu/CuNi-thermocouples) on CFRP test samples

3.2 Photonic sintering of printed temperature sensor structures

After printing, temperature sensor structures were sintered using a photonic sintering
process. This sintering process allows a selective sintering of metallic nanoparticles.
Therefore, sintering on temperature sensitive substrates is also possible. The sintering process
expulses the solvent and ink additives. Furthermore, photonic sintering process is a fast,
scalable and embeddable process.

3.3 Characterization

Printed thermocouples were put in a temperature controlled oven with an additional type K
reference thermocouple. Temperature ramps from T = 10 °C to 80 °C and then from T = 80
°C to 10 °C were measured. Results are shown in Figure 9. It can be seen from this figure,
that printed Cu/CuNi-thermocouples work fine as typical type T thermoelements without any
additional calibration.
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Figure 9: Printed temperature sensors (Cu/CuNi-thermocouples) temperature measurements in comparison
with a reference type K thermocouple.
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4 CONCLUSIONS

Printed piezoelectric sensors have a variety of potential uses in aeronautics. These sensors
can be used to detect and monitor structural deformation, damage, or fatigue in aircrafts,
helping to ensure the safety and reliability of the aircraft. Furthermore, it can be used to
monitor the vibration of aircraft engines, providing early warning of potential issues and
helping to prevent costly engine failures. Even printed piezoelectric sensors can be used in the
surface control of aircraft such as flaps, ailerons and elevators for impact detection. Printed
temperature sensors are able to monitor temperature changes even in inaccessible places in
engines [16]. Overall, the use of printed piezoelectric sensors in aeronautics can help to
improve the safety, efficiency, and performance of aircrafts.
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