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ARTICLE INFO ABSTRACT

Dataset link: https://doi.org/10.5281/zenodo.1 Adhesive bonding is ideal for joining lightweight components made of composite materials. However, the
5479526 reliability of these structural bonds, particularly in terms of fatigue crack growth, is a major concern. To
Keywords: mitigate this risk, structural health monitoring of the bonding is desired. This can be achieved by measuring
Screen-printing strains at different locations in the adhesive bondline. Here, we present screen-printing on polyetherimide to
Carbon ink realize a smart inlay that can be placed into the adhesive bondline during CFRP integration and can replace
Adhesive bondline cleanroom-fabricated crack propagation sensors demonstrated earlier. The sensor layout is designed to enable
Composite crack monitoring by evaluating strain differences between two sensor rows. For the first time, smart inlays were

Structural health monitoring fabricated and encapsulated entirely on polyetherimide, which has excellent adhesion strength to the epoxy

matrix of CFRP. For strain detection, we used screen-printed carbon sensors. We selected screen-printing inks
that could withstand the harsh conditions during CFRP fabrication. For the characterization of our smart inlay,
we analyzed the screen-printed carbon sensors before and after integration into composites. After integration,
the sensors were fully functional. As a striking result, after the entire fabrication and integration, the sensitivity
of the screen-printed carbon sensors reached a gauge factor of up to 49.

1. Introduction the structure, manufacturing effort, and possible effects on adhesive
performance, such as bond strength.
Since the internal strains are relevant, externally applied commer-

cially available strain sensors are unsuitable, and may not even have

Reducing the overall weight is an important approach to lowering
the energy consumption in all moving vehicles, particularly in the

aviation industry. For this reason, the use of carbon fiber-reinforced
polymer (CFRP) and its adhesive bonding is becoming more and more
important. CFRP can meet mechanical requirements due to its high
strength, high stiffness, and durability. Adhesive bonding is ideal for
joining lightweight components made of composite materials as it is
mechanically superior to bolted joints. However, the reliability of this
structural bonding is an important concern, and failure due to fatigue
is a stochastic phenomenon and difficult to predict. To reduce this risk,
approaches often accept lower material efficiency, resulting in higher
weight. Structural health monitoring can be the solution to exploit
the full composite lightweight potential. For adhesively bonded CFRP
structures, the detection of crack initiation and crack propagation in the
bondline is particularly important, as these damage mechanisms affect
the structural integrity under operational loads. The relevant state of
the art on crack detection not only includes the perspective of sensing
capability, but also aspects of material compatibility, integration into
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sufficient fatigue resistance for long-term monitoring [1]. Although ex-
situ methods such as ultrasonic techniques, X-ray, and thermography
are still used, they are usually labor-intensive and sometimes only
applicable after disassembly [2]. Therefore, several research groups
are working on strain measurement in the adhesive bondline between
two composite adherends. So far, mainly fiber optical sensors [1,3—
6] were used. They have the disadvantage that they usually require
additional optoelectronic components and complex mathematical eval-
uation features. More recently, functionalized adhesive films by adding
nanoparticles like carbon nanotubes (CNTs) were studied [7-10]. These
films can directly detect strain through changes in electrical signal.
However, adding the CNT can reduce the failure strain [11]. Another
method is to use so-called z-pins combined with resistance measure-
ment [12]. The z-pins are short metal rods arranged in the z-direction of
a lap joint acting as a crack-arrest mechanism [12]. The additional eddy
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current (EC) sensing film can detect a potential crack [13,14]. However,
it is quite time-consuming to embed the z-pins and EC sensing films.
In addition, the data evaluation is complex, and it has not yet been
investigated whether the mechanical performance is restricted [2]. So,
crack detection concepts differ not only in sensing principle, but also
in their material systems, processing routes, integration effort, and
cost [15]. Methods for measuring crack initiation and propagation
should provide direct in-situ information from the bondline, require
only moderate instrumentation and data processing, be compatible
with scalable and cost-efficient manufacturing, and have little or no
adverse effect on the adhesive joint. Existing approaches only partially
meet these requirements. Fiber-optic systems are sensitive but relatively
complex and costly in terms of instrumentation [16]. Functionalized
adhesive layers offer direct electrical sensing, but the conductive fillers
may alter the mechanical properties of the adhesive [17]. Z-pins com-
bine reinforcement and monitoring, but require complex integration
steps and may affect structural performance [18]. EC sensing does not
detect cracks that do not cross or interfere with the current and thus
may compromise the integrity of the component [19]. These limitations
show that the integration strategy itself strongly influences both sensing
reliability and adhesive joint behavior.

Our group has researched smart inlays based on strain gauges that
can be placed into the adhesive bondline during CFRP integration to
detect and measure potential crack propagation during operational
load. Combined with a surface toughening method, this inlay should
stop a potential crack. In addition, this inlay should not weaken the
adhesive bondline. In our previous work, we developed smart inlays
where micro-strain sensor structures were directly applied on crack-
resistant polyvinylidene fluoride (PVDF) films, so-called disbond arrest
features (DAF) [20]. However, without mechanical reinforcement, the
thin metallic microstructures could float in the surrounding melt during
CFRP integration in composites and thus be deformed and destroyed
after cooling. Recently, polyetherimide (PEI), which has a significantly
higher melting point, was used as a carrier film for microsensors instead
of PVDF [21]. Subsequently, PVDF was used multifunctionally, on
the one hand to encapsulate the sensors and on the other hand as
DAF. In this way, the crack detection capability of the approach was
demonstrated. In cyclic crack growing tests, crack detection within the
first 50,000 cycles and detection when the crack reaches the DAF could
be shown [21]. However, the interfaces between PEI and PVDF of the
integrated smart inlay often led to the failures of the fabricated com-
posites [22,23]. Moreover, the entire microfabrication and integration
process was unsuitable for production scale-up.

In this work, we aim to achieve progress in the smart inlay in-
tegration and robustness to improve crack detection. By completely
encapsulating the smart inlay with PEI, which is known for its excel-
lent adhesion strength to the epoxy matrix of CFRP due to diffusion
during the curing process [24-27] and less influence on the tensile
strength [28], the integration of the smart inlay should be improved,
and the precision of crack detection should be increased. Moreover,
using cost-efficient screen-printing of the strain sensors opens up the
opportunity for a more streamlined production process. In addition,
screen printing not only speeds up production compared to lithographic
fabrication but can also be easily scaled for larger production quanti-
ties. The use of stretchable and highly sensitive inks in screen printing
further improves the prospects for applications under dynamic load
conditions. Research into the electromechanical properties of screen-
printing inks and requirements placed on the materials by sensor
integration in harsh environments could provide valuable insights for
future developments in this area. Thus, the present work focuses on im-
proved smart inlay integration and robustness. A dedicated mechanical
assessment of bonded joints containing the smart inlay was not part of
the present study; the corresponding bonded-joint behavior has been
investigated separately using bonded DCB and ENF specimens and will
be reported elsewhere.
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2. Experimental
2.1. Smart inlay design

The smart inlay design consisted of four sensor bridges, each ar-
ranged in pairs in two rows. DAFs were placed in the area of the sensor
rows to stop a potential crack. The smart inlay and the DAFs were
integrated into the CFRP component so that a potential crack front
through the adhesive bondline first reached the first row of sensors.
The sensor rows had a distance of 10 mm and were each 10 mm
wide; the functionality for these dimensions has already been shown
previously [29]. Each sensor row in the screen-printed smart inlay
consisted of two Wheatstone bridges (Fig. 1).

2.2. Material selection

PEI with a thickness of 125 um was used as the substrate mate-
rial for the sensors to ensure sufficient stability during handling in
the screen-printing process. For encapsulation of the smart inlay, PEI
with a thickness of 25 pm was utilized. The compatibility of PEI for
integration into CFRP in terms of processing compatibility, thermal sta-
bility, and adhesion to epoxy has already been demonstrated in earlier
works [24,28]. It showed a high interfacial adhesion on epoxy-based
CFRP without affecting the strength of CFRP.

The primary selection criterion for the screen-printing inks was
the sensor functionality after annealing due to integration with the
prepreg-autoclave process. The selection was made from three available
commercial inks (Saral StretchCarbon 100, DuPont PE 671 and Dycotec
DM-CAP-2101). Saral StretchCarbon 100 was selected because of its
reliable performance after integration. An ink with low resistance
was selected for the conductor tracks, and one with relatively high
resistance for the sensors, to reduce the influence of longer conductor
tracks on the sensor signal, even in sensor networks with long tracks.

2.3. Smart inlay film fabrication and integration

For the smart inlay, a 125 pm thin PEI film (ULTEM 1000B, Vink
Konig Deutschland GmbH, Wuppertal, Germany) was used as substrate
material. Screen-printing was used to functionalize the film with strain
sensors. As the surfaces of PEI film have different surface quality, the
next steps were carried out on either the smooth or the rough surface to
evaluate the more suitable surface quality for screen-printing. All print-
ing steps were done under ambient conditions with a semiautomatic flat
screen-printing machine Sirimac 6080 E. Screen printing was carried
out at a printing speed of 106 mm-s~! using a machine pressure setting
of 2.5 bar, a squeegee angle of 45°, and 15 printing passes. A high-
strength stainless-steel mesh (KOENEN GmbH, Ottobrunn-Riemerling,
Germany) with different patterns with a mesh size of 53 pm and a wire
thickness of 24 um was used for the screen printing. To prevent the
substrate films from shrinking during the curing steps, the substrate
films were pre-treated in an oven at 130 °C for 90 min. First, the
conductive paths were printed in the desired pattern using silver ink
(DM-SIP-2006, Dycotec, Calne, United Kingdom) (Fig. 2a). The printed
silver layer was cured at 120 °C for 5 min in an oven. Then, a carbon
layer was printed for the high-resistance resistors using carbon ink
(Saral StretchCarbon 100, Saralon GmbH, Chemnitz, Germany) (Fig.
2b). The ink was dried at 120 °C for 5 min in an oven. The thickness
of silver and carbon ink on PEI was examined in this paper. The
sensor structures were encapsulated with a second 25 pm thin PEI
Ultem 1000 film using diffusion bonding at 230 °C in a preheated
oven for 60 min under vacuum (Fig. 2c). Subsequently, the smart inlays
were integrated into the composite components during co-curing in the
prepreg-autoclave process. The applied curing cycle was described in
earlier work [20]. After integration, samples with a cross-section of
25 mm x 200 mm were separated by saw cutting.
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Fig. 1. Photograph illustration concept and design of screen-printed smart inlays integrated on CFRP. The zoom on the right shows our Wheatstone sensor bridge
with a longitudinal and a transversal sensor. The variable longitudinal sensor, in particular, has an influence on the change in our sensor signal.
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Fig. 2. Schematic illustration of smart inlay fabrication: (a) screen-printing of silver layer on pretreated PEI film. (b) screen-printing of carbon layer on cured
silver layer. (c) encapsulation of functionalized PEI film with second PEI film on top using diffusion bonding.

2.4. Sensor characterization

The topography of the screen-printed layers was measured by
LSM (confocal laser scanning microscope VK-X260, Keyence, Osaka,
Japan). Roughness was measured at 150x magnification according to
DIN 25178. Optical evaluations of the morphology and manufacturabil-
ity of the screen-printed layers were analyzed using an optical micro-
scope (VHX-5000, Keyence, Osaka, Japan) and SEM (scanning electron
microscope Phenom XL, Thermo Fisher Scientific Inc., Waltham, MA,
USA). Resistance and current-voltage characteristics were measured
between silver ink electrodes using a source meter (Keithley 2450,
Tektronix, Inc., Beaverton, OR, USA) in two-point mode. Here, the
measured values were in the kQ2-range, so the influence of the contact
and line resistances in a two-point configuration was negligible [17].
Silver ink electrodes have practically no influence on the carbon sensor
resistance, even after encapsulation and integration. All measurements
were performed under ambient conditions. Sheet resistance R; was
calculated as R, = R- w/I with screen-printed line width w, and line
length /. For piezoresistive characterization of sensor paths were loaded
to a maximum strain of 2305 pm-m~! with a strain rate of 2.46 mm-s~1.
For this purpose, a custom-designed tensile testing machine was used
in which the specimens can be clamped, electrically connected with
spring-loaded pins, and stretched using a stepper motor; the step size,
maximum strain, and stretch speed could be adjusted. The gauge factor
GF representing the piezoresistive sensitivity is defined as GF =
L/RU, where AR is the change of resistance, R, the initial resistance,
and ¢ = 4l/l, the longitudinal strain calculated based on crosshead
displacement A/, evaluated using a position sensor.

2.5. Tensile tests of PEI film, smart inlays, and integrated smart inlays in
composite

The mechanical tests were carried out in a three-stage sequence of
static tensile testing as illustrated in (cf. Fig. 3). In the first stage, pure
PEI film and fusion-bonded PEI film were tested. PEI film was cut into
specimens (ASTM D638 Type V specimen) using a femtosecond laser.
The measuring length was 25.4 mm. The tensile testing machine with

a load cell up to 5 kN (zwickiLine Z.5.0, ZwickRoell GmbH & Co. KG,
Ulm, Germany) was used for these tests. The PEI film samples were
first preloaded to 1 N and then the samples were stretched at a rate
of 0.033 mm s~! until they failed mechanically. The tensi,le test was
performed and the results were evaluated according to the ASTM D638
standard. A total of four to five samples of each specimen were used for
evaluation. Young’s modulus was calculated by applying Hooke’s law
to the measured stress-strain curve.

In the second stage, the non-integrated, pure smart inlay film was
stretched in a tensile testing machine until the sensors failed elec-
trically. The tensile testing machine with a load cell up to 1 kN
(zwickiLine Z1.0, ZwickRoell GmbH & Co. KG, Ulm, Germany) was
used for these tests. For this purpose, the smart inlay films were cut
out slightly larger so they could be clamped into the test machine at
the top and bottom. In this way, the measuring length was 75 mm. The
footprint of the smart inlay was electrically connected to a ZIF con-
nector. A multi-channel strain gauge amplifier (QuantumX MX1616B,
HBM, Darmstadt, Germany) was used for piezoresistive sensor signal
evaluation. The bridge output was recorded at a sampling rate of
200 Hz and low-pass filtered using a 20 Hz Bessel filter. The smart inlay
films were first preloaded to 2 N, and the sensor signal was set to zero.
Then, the smart inlay films were stretched at a rate of 0.8 mm s~! until
they electrically failed.

In the third stage, the encapsulated smart inlay integrated into the
composite was loaded in tension and unloaded ten times. The CFRP
samples had a cross-section of 25 x 200 mm and a measuring length
of 160 mm. As in the previous test, the footprint of the smart inlay
was electrically connected to a ZIF connector. For piezoresistive sensor
signal evaluation, the multi-channel strain gauge amplifier from the
second stage was used. The force-controlled tensile testing machine
with a load cell up to 25 kN (Amsler HC 25, ZwickRoell GmbH &
Co. KG, Ulm, Germany) was used for these tests. The sample was first
loaded once up to a maximum force of 3.033 kN (corresponding to an
elongation of 1,196 pm-m~1) within 10 s, the force was held for 20 s
and then unloaded up to O N in 10 s. The sensor signal was set to zero
after this cycle, and the same cycle was then carried out automatically
ten times.
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Fig. 3. Three-stage tensile testing sequence: In stage 1, PEI film substrate was tensile tested with preload of 1 N and then with a strain rate of 2 mm-s~!. In
stage 2, the PEI smart inlay was tensile tested with a preload of 2 N and then with a strain rate of 0.8 mm-s~!. In stage 3, the integrated PEI smart inlay in the
composite was loaded in tension and unloaded ten times. The output was mechanically for stage 1 and mechanically & electrically for stage 2 & 3.

The results of the second and third stages were also used to investi-
gate sensor properties such as sensitivity, linearity, and hysteresis. The
sensor signal was defined as S = V,/Vy, where V}, is the signal of the
Wheatstone bridge and Vy is the supply voltage. Two sensor paths are
arranged orthogonally to one another. When subjected to a tensile test,
one path is stretched longitudinally, whilst the other is stretched trans-
versely. The latter therefore contracts as a result of the Poisson effect.
The sensor signal thus incorporates the longitudinal strain € of one path
and the transverse strain ¢ - (1 + v) of the orthogonal sensor, where v is
the Poisson ratio (0.36 for all setups taken from data sheet for ULTEM
1000B and derived for the CFRP layup [21]). For the implemented
Wheatstone half-bridge circuit with two orthogonal strain gauges, V;,
can be expressed as V), = %vGF~VS~e~(1+v) [25] and GF was calculated
as GF = Eé'iv). The longitudinal strain € = Al/I, was calculated based
on crosshead displacement A/. Thus, the strain values used for the
gauge factor calculation represent engineering strain estimates based
on machine displacement rather than direct local strain measurements
at the sensor position. This approach may involve uncertainty due to
machine compliance, grip effects, and possible non-uniform strain fields
within the specimen. For the integrated smart inlays, additional local
strain measurements showed a 12 % lower local strain, indicating that
the reported gauge factors for these samples are slightly underestimated
and should be interpreted as effective values under the applied test
conditions. For the other specimens, the error is estimated to be smaller,
since the test specimens are orders of magnitude less rigid than the
machine. Since all samples were evaluated using the same setup and
procedure, the comparative assessment of the sensor response remains
valid.

3. Results and discussion
3.1. Screen-printing of sensor structures

The commercial PEI film used had a smooth and a rough surface.
This is due to the production process, as one surface comes into contact
with the cooling roller after the extrusion, while the other side is
exposed to a lower cooling rate [30]. We measured the line roughness
of both PEI surfaces and investigated its influence on the fabrication of
screen-printed sensors. The roughness characterization of the smooth
and rough surfaces of the PEI film is shown in (Fig. 4a and 4b). The
measured averaged roughness R, is 0.406 + 0.080 pm for the rough
surface and 0.047 + 0.012 pm for the smooth surface, which is less
rough by one order of magnitude.

The roughness characterization of the printed and cured silver and
carbon inks on smooth and rough PEI film surfaces is shown in Fig.
4c and 4d. The R, of silver ink was 0.93 pm and 0.91 pm on rough
and smooth surfaces, respectively. The R, of carbon ink was 2.4 pm
and 2.2 pm on rough and smooth surfaces, respectively. Considering
the significant difference in surface quality between the two PEI film
sides, substrate roughness did not appear to have a significant effect
to the ink film roughness during screen-printing. The morphology of
silver and carbon inks on rough surfaces is shown in SEM micrographs
at various magnifications (Fig. 5). The cured inks formed an irregular,
grainy, and opaque layer. In the case of silver ink, the layer consisted
of monodisperse silver grains of the same type (0.5-5 pm). The carbon
ink was polydisperse. The layer consisted of larger flakes (6.5-16 pm)
and smaller grains (0.2-5 pm) analyzed from the SEM images. Smaller
particles could not be found at the chosen magnification.
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Fig. 4. Representative color-coded topographies generated by LSM of (a) rough PEI film surface. (b) smooth PEI film surface. (c-d) carbon ink on smooth and

rough PEI film surface. (e-f) silver ink on smooth and rough PEI film surface.

Fig. 5. Scanning electron images showing the morphology of (a) carbon ink at 860x (top) and 4400x (bottom) magnifications and, (b) silver ink at 860x (top)

and 4400x (bottom) magnifications.

In addition to the roughness and morphology of the screen-printed
inks, the real line width w and line height / on the different surfaces
are also important. Fig. 6 shows the respective measurement results
for the silver ink lines. The minimum line width that was possible with
the used screen-printing mask was 100 pm (see Fig. 6a). The measured
line width for silver ink lines with nominal widths w, (as defined in the
screen) between 100 and 400 pm is shown in Fig. 6b. It can be seen that

the measured line width is always larger. The difference between the
measured and nominal line widths decreases from 41 pm to 13 pm (40 %
to 3 %) as the line width increases. The height profile of the silver ink
shows a plateau in the middle of the line, which gets wider as the lines
get wider. There are no steep edges, but flat sloping edges. From 200 pm
onwards, the plateau becomes wavy. From 100-300 pm, the average
line height increases from 8 pm to 16 pm as the line becomes wider.
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Fig. 6. Optical microscope images of silver prints with different nominal line widths on rough PEI film surface. From top to bottom: 75 pm, 100 pm, 150 pm,
200 pm, 300 pm, and 400 pm, and the corresponding height profile obtained with LSM using a profile plot with multiple lines at a distance of 1 pm across the
image. (b) Measured silver line width on smooth (red, » = 2) and rough (green, n = 3) surface over nominal line width (mean + SD, n = 5). (c) Measured averaged
silver line height on smooth (red, n = 1) and rough (green, n = 2) surface over nominal line width (mean + SD, n = 3). The colored data points have been shifted

slightly to the right so that they remain visible next to the mean values.

At a line width of 500 pm, the average line height (15 pm) becomes
thinner again, where the standard deviation is higher than for smaller
line heights. No effect of PEI substrate roughness on the line height
can be observed since the height deviation between smooth and rough
surfaces is lower than the average standard deviation of line heights
(7.6 % compared to 8.1 % for carbon ink lines and 5.3 % compared to
6.7 % for silver ink lines).

Fig. 7 shows the measurement results for the width w and height &
of the carbon ink lines. The minimum line width that was possible with
the production parameters used here was again 100 pm (see Fig. 7a).
The measured line width for silver ink lines with widths between 100
and 500 pm is shown in Fig. 7c. In contrast to silver ink experiments, the
measured line width was always smaller than the nominal line width
w,. For 100 pm, the actual line width was around 83 % of the nominal
line width. For all other carbon line widths, the measured line width
was between 93 % and 94 % of the nominal line width. The standard
deviation was very low and was < 1 %. The height profiles of carbon ink
lines with different line widths are shown in Fig. 7a. For 100 pm and
150 pm, there is a clear maximum with steeply sloping edges. From
200 pm onwards, a plateau forms, which becomes more wavy with
increasing width. For 100 pm, the line height is significantly higher
(18 pm) than for 150400 pm (16 pm, 16 pm, 16 pm, 15 pm). At 500 pm,
the line height was significantly lower (11 pm). There was no significant
difference in the height profile on smooth and rough substrate surfaces.

The direct contact of the mesh influences the roughness and height
profile of the screen-printed ink [31]. The height profile can be ex-
plained by the mesh that is pressed onto the substrate during the

screen-printing process. With higher shear viscosity and a steeper shear
profile, the mesh pattern can be transferred [32]. Filaments can form
when the mesh is separated after the printing process, causing locally
increased thickness [33]. In this study, the mesh size was 53 pm and the
wire diameter 24 pm, resulting in an opening size of 29 pm. So, with
wider lines, there are more wires per line width than with narrower
lines, and filaments are formed more frequently.

Our results also showed that this effect is more noticeable with the
carbon ink. According to the data sheets, the used carbon ink has a
higher viscosity of 18 Pa-s than the silver ink (10-15 Pa-s). In addition,
as we observed in SEM images, the carbon ink also has larger particles
than the silver ink. The lower viscosity of the silver ink means that
it levels slightly after printing. Other groups have already shown that
the viscosity of the ink influences the uniformity and roughness of the
printed film on the PET substrate, as less viscous inks can still equalize
once the screen has been removed [34]. This is also the reason why the
measured line width of the silver ink is wider than the nominal one and
for the carbon ink only slightly. If the mesh openings become smaller
than the line width, complete lines can no longer be deposited. When
comparing 75 pm-lines for silver and carbon, it is noticeable that the
carbon ink shows more interruptions than the silver ink. Again, this
can be explained by the higher viscosity of the carbon ink.

Fig. 8 shows the calculated sheet resistance Ry from measured
electrical resistance for carbon and silver ink on rough and smooth PEI
surfaces. In contrast to the geometric parameters line height and width,
the resistance of the carbon ink with a width of 400 um and length of
2.5 mm differs depending on whether it is screen-printed on a rough
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200 pm, 300 pm, 400 pm and 500 pm and the corresponding height profile obtained with LSM using a profile plot with multiple lines at a distance of 1 pm across
the image. (b) Measured carbon line width on smooth (red, n = 2) and rough (green, n = 3) surface over nominal line width (mean + SD, n = 5). (c) Measured
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been shifted slightly to the right so that they remain visible next to the mean values.
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Fig. 9. Influence of the line orientation against the squeegee motion direction for carbon ink (a) measured line width (mean + SD, n = 5), (b) measured line

height (mean + SD, n =5), and (c) resistance (mean + SD, n = 5).

or smooth surface. On the rough surface, the resistance is 10 % smaller
(6.5 k@2 compared to 7.2 kQ). The sheet resistance on smooth and
rough PEI surfaces is 1.1 k@ and 1.0 kQ, respectively. For silver ink,
there is no significant influence of the surface quality on the averaged
resistance (see Fig. 8b). Here, we measured silver ink lines with 400 pm
width and 7 mm length. Only the standard deviation seems to change
depending on the surface quality. It becomes significantly larger with
smooth surfaces (6 % compared to 3 %). On both surfaces, the resistance
is significantly lower than the resistance of the carbon sensor elements,
which is important if silver ink wiring is used to connect the carbon
sensor elements.

Fig. 9 shows the influence of the line orientation relative to the
squeegee (ink distribution tool) motion direction a« on the carbon
line width and height. Carbon lines with 400 pm nominal width and
7 mm length were examined. As the angle between the line and the
squeegee motion direction decreases, both the line width and the line
height show a trend to decrease. While these two trends do not appear
significant themselves due to the large error bars, a significant trend
emerges in the resistance when both geometric parameters are consid-
ered simultaneously. The average resistance increases with decreasing
printing angle from 10 kQ to 19 kQ. This must be considered in
the sensor design, particularly in the design of measuring bridges. A
similar trend was not observed with silver ink. The observations can
be explained by the fact that more material is stripped off at edges
perpendicular to the squeegee direction unless a low viscosity leads to
rapid equalization.

3.2. Characterization of sensor paths

Fig. 10a shows current-voltage (I-V) curves for the carbon sensor
structures. Curves show a linear I-V-relationship, in which the slopes
represent the electrical resistance R values, which are given in de-
pendence of the nominal line width in Fig. 10b. We already know

that changing the carbon conductor’s line width can also change the
conductor’s line height. However, this effect is negligible for widths of
150-300 pm and a direct proportionality of R to 1/w, in other words,
a constant value for R - w can be assumed if the resistivity of the
conductive material does not change. The dashed line illustrates this
ideal behavior. Although the expected hyperbolic relationship appears
in Fig. 10b, comparison with the reference curve reveals significant de-
viations for line widths of 100-300 pm, whereas the 300 and 400 pm line
widths show more similar behavior. It looks more like the resistivity
of the material changes with the geometry. The distribution of carbon
particles in the polymer matrix is stochastic, and the formation of
conductive paths can show interruptions with higher probability when
conductor tracks are thin (around 15 pm according to Fig. 7¢) and tracks
also get very narrow. In this situation, the number of chains connecting
the conductive particles without interruptions no longer scales linearly
with resistor width, and conductivity will even completely break down
at the percolation threshold, when the conductor cross-section becomes
extremely small. This results in a far greater reduction in resistance at
very small line widths than can be explained by the cross-sectional area
alone.

The resistance change AR/ R, was recorded in dependence of longi-
tudinal strain ¢ of the screen-printed carbon conductors. Here, seven
conductors with different line widths w, were measured (Fig. 11a).
The data show a linear relationship between AR/R, and longitudinal
strain, but for thinner lines the values scatter slightly more. The slopes
representing GF = AR/R, - ¢, for the tested nominal line widths are
given in Fig. 11b. The line widths have no significant influence on the
sensitivity. The mean gauge factor for all line widths is around 12 with
a standard deviation of less than 12 %. The material data sheet for this
carbon ink provided by the vendor gives a non-linear behavior with
a maximum gauge factor of 14 at a much higher strain of 100 % far
beyond what was investigated here.
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Table 1
Young’s modulus and yield strength for pure PEI samples.

Table 2
Young’s modulus and yield strength for encapsulated PEI samples.

Sample Young’s modulus Yield strength Elongation at yield Sample Young’s modulus Yield strength Elongation at yield
(GPa) (MPa) (um m~1) (GPa) (MPa) (um m1)

1 3.5 109.1 49,200 6 3.6 123.3 54,600

2 3.3 109.3 51,900 7 3.5 124.0 51,300

3 3.3 109.0 51,600 8 3.6 123.2 54,200

4 3.3 109.5 51,500 9 3.6 123.5 53,600

5 3.4 109.1 51,300 Mean 3.6 123.5 53,425

Mean 3.4 109.2 51,100

3.3. PEI substrate behavior

Fig. 12 shows the tensile test results (stress (¢) -strain (¢) curves) of
five pure PEI specimens and four encapsulated and thus annealed PEI
specimens. The strain was calculated based on crosshead displacement.
The pure PEI specimens show an average yield strength of 109.2 MPa
(Table 1) and the encapsulated PEI specimens of 123.5 MPa (Table 2).
The Young’s modulus increases from 3.4 GPa to 3.6 GPa after annealing
during encapsulation.

During encapsulation, the pure PEI will be treated above the glass
transition temperature 217 °C (cf. data sheet) but below the melting
temperature. For thermoplastics, it is assumed that annealing above the
glass transition temperature increases the crystallinity of the polymer,
as the amorphous region is reconstructed. Higher crystallinity tends
to result in a better tensile strength [35], as is also evident from our

tests. Consequently, the pre-treatment of the PEI film at the individual
production steps does not result in any reduction of the mechani-
cal properties before the maximum load is reached. The mechanical
properties after reaching the maximum load are not relevant here.

3.4. PEI smart inlay behavior

The strain-sensing performance of the PEI smart inlays (cf. Fig. 13a)
was tested by straining 0.8 mm s-~!. According to Fig. 13b, the sensors
are labeled 1L and 1R for the two sensors in the first sensor row and 2L
and 2R for the two sensors in the second sensor row. An example of the
sensor signal over applied strain is plotted in Fig. 13b. It can be seen
that the sensor signal increases monotonically with growing applied
strain. At low strains, the slope of the sensor signal is very low, as initial
settlement effects occur in this range. As these settlement effects occur
particularly with sensor 2R and not in the tensile tests of the pure PEI
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Fig. 12. Mechanical testing of PEIL: (a) PEI sample (ASTM D638 type V) with a thicknesses of 125 pm for pure and of 150 pm for encapsulated PEI samples and
clamping length of 25.4 mm. (b) Measured stress—strain curves of pure PEI (n = 5). (c) Measured stress—strain curves of encapsulated PEI (n = 4).

film (Fig. 12), the weight of the connector appears to have resulted
in insufficient preload. With mechanical failure, the sensor signals
show a sharp jump. The signals from the individual sensor bridges
show that the crack runs from right to left, at around 30,000 pm-m~1.
Therefore, the crack started at the connector, where the weight and the
sample design caused stress peaks. Fig. 13c shows the damage pattern
of the PEI smart inlay after testing. To compare our results, ultimate
design loads for CFRPs in the aviation industry are defined as strains
between 2,500 and 4,000 pm-m~! and for bonded honeycombs even as
5,000 um-m~! [20]. So, our PEI smart inlay can clearly withstand these
strains, as marked in Fig. 13b. After 30,000 pm-m™!, it is not the carbon
sensor structures and silver conductive tracks that break, but the PEI
substrate film. As written above, this is due to geometry. This can also
be seen in the pure PEI film tensile tests, where elongations at break
between 90,000 pm-m~! and 340,000 pm-m~! were achieved (Fig. 12
and Table 1). Overall, the measurements have shown that the selected
screen-printing inks are functional materials with suitable mechanical
properties for PEI smart inlays. Therefore, functional screen-printing
inks can be used as strain sensors that can detect small to large strains.

Where a linear relationship was previously observed for smaller
strains, the sensor signal shows a non-linear behavior, which can also
be interpreted as more than one linear range, each with an appropriate
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gauge factor. Although the elongations achieved are in the range of the
linear-elastic behavior of the PEI material (< 51,109 pm-m~1), as shown
in tensile tests of PEI films. Fig. 14a illustrates, with the representative
sensor signal 2L, how the behavior of carbon strain sensors can be
divided into three linear regions. In the first region with strains below
1,900 pm-m~1, a gauge factor of approx. 8 is achieved (shown in Fig.
14b). In the second region with strains below 12,100 ym-m~!, a gauge
factor of approx. 20 is reached, and for the third region for maximum
strains, the gauge factor is approx. 9. To verify reproducibility, the
same measurement was carried out on three different samples. For all
samples, the average gauge factor was 10 in the first linear region, 16 in
the second linear region, and 9 in the third linear region. Compared to
thin film sensors made of metal, these gauge factors were for all three
regions much higher.

As discussed above, the carbon ink consists of an insulating poly-
mer matrix in which carbon particles of different sizes are randomly
scattered. This conductive filler forms a conductive network in the
polymer matrix with a combination of contributions: the resistance of
the conductive filler, the particle contact resistance, and the tunnel
resistance. For the explanation of piezoresistive behavior, two theories
are used. In the first, the percolation theory is based on the volume
fraction of the filler. So, piezoresistivity depends on the geometrical
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Fig. 13. Tensile testing of the smart inlay until failure: (a) PEI smart inlay clamped in the tensile testing machine. (b) Sensor signal over longitudinal strain.
Sensor 1R was not working due to a connector failure. The dotted bordered area between 2,500 and 4,000 pm-m~' marks defined ultimate design loads for
mechanically fastened CFRPs in the aviation industry. (c) PEI smart inlay damage pattern after tensile load testing.
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Fig. 14. (a) Sensor signal 2L versus applied strain (red line) and linear fitted curves (dashed black lines) with correlation R> = 0.996, R> = 0.995, and R? =
0.995 representing three linear regions. (b) Gauge factor of PEI smart inlay for the three linear regions (mean + SD, n = 3).

properties such as filler aspect ratio and filler concentration [36]. In
the second, the piezoresistive network properties are explained with
the reorientation and rearrangement of particles during elongation. Re-
cently, Ritchie et al. further investigated piezoresistivity in stretchable
conductive composites with an elastomer matrix with carbon black as
conductive filler [37]. They assume that the changes caused by the
restructuring of the particle network are a more significant reason of
piezoresistivity than only the volumetric changes.

Several studies have reported a switch in piezoresistive behav-
ior once a critical strain is reached. The two theories mentioned
above were used to explain the non-linear piezoresistive behavior
of carbon-filled polymer composites by defining two, three, or even
five linear regimes [38,39]. In addition, the investigation of carbon-
nanotubes, carbon black in TPU matrix or polydimethylsiloxane matrix
and graphene nanoplatelets in epoxy composites first showed a linear
behavior at smaller strains and then an exponential/sharp increase at
higher strains [8,40-42]. Others have even observed a clear decrease in
resistance, i.e., a monotonically decreasing curve, when using carbon-
nanotube-graphene nanoplatelet in epoxy composites above a critical
strain [43]. However, according to the literature [37] restructuring
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of the particle network is a plausible mechanism underlying the ob-
served piezoresistivity, as it could also explain the nonlinearity. To
fully elucidate this, microstructural analysis and electromechanical
characterization are needed, combined with discrete element modeling
to understand the particle rearrangement and resulting changes in the
current paths. For the presented carbon sensors, the division into two
or three linear response regions is an empirical finding. The observed
transition points are most likely associated with strain-dependent re-
configuration of the conductive network in the printed carbon ink,
including changes in particle contact and tunneling distances. In addi-
tion, local microstructural damage in the sensor layer, such as the onset
of microcracking, and possible changes in strain transfer within the
PEI-supported inlay system may also contribute to the change in slope.
However, the present experiments do not allow a direct and definite
assignment of the transition points to a single physical mechanism.

3.5. Integrated PEI smart inlays

The CFRP samples with integrated smart inlays were clamped in
the tensile test machine with a free length of 160 mm as presented in
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Fig. 15. Smart inlay calibration: (a) Specimen clamped into tensile testing machine with clamping length of 160 mm. (b) Sensor signal for all sensor bridges and
applied strain over time. The specimen was loaded using a ramp signal up to a maximum strain of 1,196 pum-m~!. (c) Representative section of the sensor signal
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Fig. 17. Resistance of screen-printed carbon sensors (400 pm x 2.5 mm) after
screen-printing and curing at 120 °C for 5 min, encapsulation at 230 °C under
vacuum, and after integration at 180 °C under vacuum (n = 24).

Fig. 15a. As shown in longitudinal strain over time, the specimens are
deflected to a maximum of 0.191 mm corresponding to a maximum
longitudinal strain of 1,196 pm-m~!. The longitudinal strain was again
calculated based on crosshead displacement. A representative measure-
ment and a section of this measurement of the increasing sensor signal
are illustrated in Fig. 15b and 15c, respectively. The smart inlay showed
a monotonic increase in the sensor signal with increasing longitudinal
strain. A difference in the sensor signal between the sensor bridges on
the left and right sides was observed, which is a consequence of a slight
misalignment of the smart inlays within the CFRP sample. As already
with the pure PEI smart inlays, a non-linear behavior was observed
versus the longitudinal strain . However, compared to the observations
described before, the non-linear behavior has changed. Fig. 16a shows
that for the mean sensor signal 1L, the sensor signal can be divided into
two linear areas. The corresponding gauge factor is shown in Fig. 16b
for all four sensing bridges. For the first region, an average gauge factor
of 22 was reached. For the second region, a mean gauge factor of 35
for sensing bridges 1L, 2L, and 2R was achieved. For sensing bridge 1R,
the gauge factor has even reached around 49 in the second region. To
verify reproducibility, the same measurement was carried out on three
different samples. For all samples, the average gauge factor was 22 in
the first linear region and 38 in the second linear region.

It is obvious that the sensitivity of the integrated smart inlays
is significantly higher compared to the non-integrated smart inlays.
We assume it is mainly related to the encapsulation, integration, and
the associated annealing under harsh conditions during the autoclave
process. Annealing at high temperatures leads to rearrangement of the
carbon particles in the polymer matrix, resulting in an increase or
decrease of resistance, depending on annealing temperature [44,45].
We also observed that the resistance initially increases by an average of
32 kQ after encapsulation (230 °C under vacuum) and decreases by an
average of 24 k2 after integration (180 °C under vacuum), whereby the
original resistance is not reached again (cf. Fig. 17). Thus, the observed
resistance changes are more likely related to changes in the carbon
sensor structures than to changes in the PEI film properties.

Seok Park et al. found that for carbon black in polyethylene compos-
ites, annealing below the melting temperature of the polymer matrix
leads to the formation of a more crystalline phase and thus to a
reduction of the amorphous regions in which the carbon black particles
are dispersed, thereby reducing the distance between particles [44].
Annealing above the melting temperature, the distance between carbon
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black particles becomes larger [44]. Similar effects can lead to a change
in resistance as observed in our case.

With the theories mentioned above, it can also be assumed that
a rearrangement of the particles in the polymer matrix and thus a
change in the conductive network leads to a change in the piezoresis-
tive behavior. For multi-walled carbon nanotube in epoxy composites,
it has been found in experiments that both the curing temperature
and time as well as a postcuring temperature and time, influence the
piezoresistivity of these composites, even at temperatures well below
the annealing temperatures in this work [46]. In addition, different
coefficients of thermal expansion of the used materials are also rele-
vant. The results indicate that the annealing during encapsulation and
integration appears to increase the piezoresistive response of the carbon
sensors. To explain differences in the piezoresistive response between
the individual tests, several factors must be taken into account. In
addition to the thermomechanical history, minor printing-related de-
viations in sensor thickness and geometry, or local particle distribution
can contribute to changes in the conductive network, including particle
contact resistance and tunneling effects, as well as percolation-related
transitions, and thus in piezoresistive behavior. Furthermore, contact
resistance at the electrical interfaces and local strain gradients in the
various test configurations can influence the measured response. The
most likely cause of the observed differences in the piezoresistive be-
havior is therefore the thermomechanical history during encapsulation
and interaction of smart inlays rather than the PEI carrier film itself or
the screen-printing process.

By repeating the test ten times cyclically, the stability and repeata-
bility of the smart inlays could also be tested. The sensor signals for
loading and unloading all four sensor bridges for all ten cycles as well
as the averaged sensor signals with standard deviation are illustrated
in Fig. 18. The overall trend of the sensor signal of the PEI smart inlays
remains the same, with only about 3.9 % + 1.4 % repeatability error
over 10 cycles and with 12.30 % +0.99 % hysteresis.

4. Conclusion

In the present study, screen-printing ink was used to fabricate a
PEI smart inlay that can be integrated in the adhesive bondline during
the co-curing autoclave process. We chose highly stretchable silver and
carbon composites as screen-printing inks, which we examined in detail
in this work, with regard to their suitability for fabrication, design lim-
its, and electromechanical behavior. Understanding these fabrication
factors is essential for optimizing print quality and performance for
sensing applications using screen-printing ink. The electromechanical
and piezoresistive behavior of the sensors is non-linear, but can be lin-
earized in separate regimes. Compared to conventional metallic strain
gauges, the screen-printed stretchable carbon sensors are significantly
more sensitive and achieve a maximum gauge factor of 49 on PEI inte-
grated into CFRP. We were able to show that our smart inlays withstand
the harsh conditions during co-curing in the prepreg-autoclave process
and do not lose their function. The results of destructive and non-
destructive static tensile tests show high elongation at break of smart
inlays as the smart inlays withstand up to 30,000 pym m~!. In addition,
the sensor behavior is highly reproducible. With these results, we are
confident that the monitoring of crack initiation and progression by
our smart inlays can also be demonstrated in cycling crack growing
tests, which will prove the broad applicability of this SHM approach.
For future applications, the fabrication of our smart inlays is now
significantly faster with fewer steps and therefore more cost-efficient,
compared to our previous work using lithographic microfabrication.
Screen-printing can now also be used for production scale-up and
significantly larger sensor networks.
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Fig. 18. Sensor signals under loading and unloading of all ten cycles and averaged sensor signal (mean + SD, n = 10) for: (a) 1L. (b) 1R. (c) 2L. (d) 2R.
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