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Abstract: Thin film materials used in flexible electronics are deposited on polymer substrates and
must withstand a variety of static and dynamic mechanical loading conditions to ensure adequate
reliability of the device. Tribological loads are also among these loading conditions, and suitable
characterization methods and strategies are required for analyzing friction and wear for a variety of
tribological contact situations. In the present work, Mo films were deposited on polyimide substrates
by high-power impulse magnetron sputtering and then pre-conditioned by straining to several strain
levels, including crack onset strain and strains within the crack saturation regime. Subsequently,
ball-on-disk tests against different counterpart materials, namely glass, steel, and polymer, were
performed to evaluate different tribological contact situations. The comparison of the results of
morphologies and characteristics of the films using surface images for strained and unstrained
samples provide insight into how increasing straining of the films and crack formation affect the
enhanced fracture of the deposited Mo films, which served as a model system in these investigations.
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1. Introduction

The development of stretchable, biocompatible materials, as well as low-cost and
advanced manufacturing technology, fuel the advances of flexible electronics. Today,
foldable displays are already commercially available in portable phones, laptops, and other
electronic products [1], while flexible photovoltaics can be added to complex surfaces or
integrated with other devices to enable self-powered electronics [2]. Furthermore, high-
precision medical devices and wearable sensors for monitoring various physiological
signals for the assessment of human health and remote diagnosis are in development [3,4].
Additionally, in industries such as automotive engineering and aerospace, the demand
for flexible and lightweight materials is growing rapidly. For example, the automotive
industry requires flexible materials for the fabrication of next-generation vehicles with
improved fuel efficiency and crash safety [5], while aerospace engineers need flexible
structures for aircraft components, such as wings and fuselage [6]. In aircraft, tribological
studies help optimize the performance of bearings to withstand demanding conditions
while minimizing maintenance requirements and downtime. Materials used for such
applications have to maintain consistent electrical and mechanical properties under a
variety of loading conditions, where systems combining rigid films on compliant polymer
substrates are one of the material systems important for flexible device design [7].

Rigid substrates behave differently compared to flexible ones, and understanding
these distinctions is vital for optimizing the mechanical reliability of thin-film polymer
systems, especially in the context of tribology. In rigid systems, the substrate provides
rigid support, leading to more uniform stress distribution and a reduced likelihood of
deformation [8–10]. On the other hand, flexible substrates offer greater conformability and
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can withstand bending and stretching without failure, making them ideal for applications
requiring flexibility and durability, such as tribological settings [11,12]. Understanding
these differences is crucial for designing thin-film polymer systems tailored to specific appli-
cations, as mechanical properties must be carefully balanced to ensure optimal performance
and reliability.

To investigate the tensile strength of thin films, a considerable number of techniques
have been developed and used, such as scratch testing, peel testing, or cyclic testing in
bending or stretching modes. Among them, the fragmentation test, which can examine the
gradual failure of the brittle films under uniaxial tension as a function of substrate strain
or stress, has been found to be suitable for a wide range of material combinations [13]. It
provides a direct and accurate assessment of the film’s internal stress state and excludes
third body interactions that are present in other methods. There are several works in
the literature dealing with fragmentation observed in uniaxial loading, from theoretical
analyses [14,15] to simulations of fragmentation formation [16,17] and observations of
cracking phenomena [18].

As thin films on polymer material systems are used in demanding technological
applications, such as flexible electronics, tailored mechanical and chemical properties have
to be achieved [19,20]. Testing the mechanical reliability of thin-film polymer systems
is essential for the optimization of material design and processing techniques to achieve
tailored mechanical properties and ensure the long-term reliability of such systems. By
subjecting these materials to cyclic loading, fatigue testing simulates real-world conditions
and helps identify potential failure modes such as (interfacial) crack propagation and
delamination over time [21,22]. These failure mechanisms pose significant challenges to the
reliability of thin films, particularly in applications subjected to dynamic or cyclic loading,
such as flexible electronics [23,24]. Tribology also becomes increasingly important for such
technological applications. In the specific case of thin films on polymers used in flexible
electronics, film damage due to friction and wear are undesirable. However, little work has
been done in this respect, in particular combining straining and tribological exposure of
the films. The latter is of critical importance, as failure mechanisms may originate from
the interplay between the strain applied to a thin film supported by a polymer system
and friction and wear when in sliding contact with a counterpart material. The aim of
this study is to investigate tribological properties of a model system of molybdenum thin
film on polyimide (PI) that reproducibly cracks under uniaxial straining, with focus on the
appearance of the wear scars after tribological tests with different counterparts.

2. Materials and Methods

Mo thin films were grown on PI foil type UPILEX-S by high-power impulse magnetron
sputtering (HiPIMS). Before deposition, PI substrates with a thickness of 125 µm were cut
into crosses and strips, cleaned in ultrasonic baths of ethanol, and blow-dried. Afterwards,
they were positioned onto a substrate holder and placed into a deposition chamber, which
was then evacuated to a base pressure below 1 × 10−6 Pa. Mo films with a nominal
thickness of 1 µm were grown during a 30 min deposition, using a Mo target with a
diameter of 76 mm at an Ar flow of 8 sccm, which corresponds to a pressure of 0.5 Pa. The
HiPIMS pulses used had a repetition frequency of 100 Hz and a pulse-on time of 200 µs.
No substrate bias or external heating was applied during deposition.

Uniaxial tensile straining was performed on cross-shaped samples with an approxi-
mate length of 5 cm and an arm width of 0.5 cm. A cross-shaped sample was necessary
to have a large enough area for the tribological tests. The samples were strained using
a custom-built screw-driven small-scale straining stage designed specifically to perform
under a three-dimensional (3D) confocal laser scanning microscope (CLSM, Keyence,
Mechelen, Belgium) [25]. The CLSM was used to record the Mo surface and to observe the
amount of mechanical damage, or cracks, during straining. As the custom-built stage can
only be used in displacement control, the strain was calculated using the distance between
the grips at various displacement steps. At each straining step, an image of the same area
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was measured. The crack spacing, λ, was then evaluated by counting the number of cracks
intersecting the line across an entire image of a surface area size of 97 µm × 73 µm. Three
lines were used for every image, and the average crack density was calculated as the ratio
between the average number of cracks visible and the length of the image.

In order to capture the electrical behavior, additional uniaxial tensile tests were per-
formed with an MTS Tytron 250® universal testing machine, while recording the change
in electrical resistance with a four-point probe configuration [26]. Three strip samples
(6 mm × 35 mm) were strained continuously to a maximum elongation of 12% with an
initial gauge length of 20 mm and a displacement rate of 5 µm/s. The tensile critical failure
strain was defined by the crack onset strain (COS) as the strain at which the measured
resistance increased by 10% compared to the resistance of the unloaded sample. Such
a convention was introduced to allow for a comparison of data from various research
groups [27].

The tribological behavior was evaluated at room temperature on a ball-on-disk tri-
bometer (CSM Instruments, Filderstadt, Germany) with the same set-up as in [28]. Coated
polymer samples were attached to a glass plate, which had a thickness of around 10 mm.
This was carried out to offer support and enable the specimen to be secured in the experi-
mental configuration because the device was originally designed for testing rigid discs. It
is important to note that the samples underwent fatigue loading exclusively and were cycli-
cally loaded through the sample disc rotating under the stationary loaded ball counterpart.
The complete modified experimental set-up is detailed in the preceding publication [28].
The counterpart balls with a diameter of 6 mm were made of soda lime glass (SLG), a
100Cr6 ball-bearing steel, and polyether ether ketone (PEEK). Tribological tests were per-
formed for 1000 laps, applying a normal load, radius, and linear speed of 0.626 N, 2 mm,
and 0.5 cm/s, respectively. To ensure the reliability of our findings, each strain condition
and counterpart combination underwent three tribological tests where a new sample was
used each time. The surface appearance of the Mo film and the counterpart balls after
tribological testing was evaluated using the same CLSM as mentioned above. The general
shape of the scar was circular or oval with groves in the middle that were parallel to the
direction of sliding. Due to the stress in the Mo film induced by the deposition using
HiPIMS, a slight curvature of the PI substrate was present, causing a slight oscillation of
the counterpart motion in the z-direction (vertical to the wear track) during one lap. This
may be the reason for the slightly non-circular shapes of the counterpart wear scars. It
should be noted that after removal of the samples from the straining device and prior to
performing the tribological tests, the cracks closed as the sample relaxed, and the cracks
were not visible via investigations using a CLSM. Similar behavior of crack closure has
been reported for ductile Cu films on polymer substrates [29]. However, the cracks could
be evidenced inside the wear track after the tribological tests regardless of the counterpart
material used due to the additionally induced strain on the film in the tribological contact
zone and wear effects.

3. Results and Discussion

The synthesized Mo films resulted in a nominal thickness of 1 µm and a surface
roughness of 26 ± 2 nm. It was observed that after straining up to 5%, the surface rough-
ness increased to 37 ± 4 nm, suggesting alterations in the film morphology induced by
mechanical deformation. Previous investigations of these film and substrate systems [28]
also encompassed X-ray diffraction (XRD) measurements, which exclusively revealed Mo
peaks, indicating the purity of the films.

The Mo film’s electrical response to uniaxial tensile stress is shown in Figure 1. The
normalized resistance R/R0 is shown as a function of engineering strain, where R0 stands
for the initial resistance, and R represents the instantaneous measured resistance. During
loading, R/R0 increases continuously following the theoretical constant volume approxima-
tion (theory in Figure 1) [30] when the film remains undamaged and electrically conductive.
After exceeding the critical failure strain characterized by the COS at 1.7% ± 0.2%, the resis-
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tance experiences a sharp increase. The COS value was determined using a 10% deviation
from the constant volume approximation. The sharp increase in the electrical resistance is
indicative of brittle films on polymer substrates [27].
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Figure 1. Representative change in electrical resistance as a function of the applied strain for the
Mo film. Dotted and dashed lines depict the constant volume approximation (theory) and a 10%
deviation; R is the resistance, and R0 is the initial resistance.

A brittle film can start to fracture under tensile straining at low applied strains, and
with more strain, cracks continue to develop until the saturation crack spacing is attained,
and cracks can no longer develop between already existing fragments [31,32]. Afterwards,
the film may buckle and delaminate as a result [33]. The evolution of cracks developed in
the Mo film with increasing applied uniaxial strain from 1% to 6% is shown in Figure 2.
Short parallel cracks start appearing in the film after 1% strain, and the density of cracks
increases with increasing applied strain. Between 5% and 6%, no new cracks emerge
between already existing cracks, which indicates that the saturation regime was achieved.
Based on the obtained result regarding the COS and observed progression in crack spacing,
two strains were selected for the preconditioning of the tribological samples, namely, 2%
and 5%, in addition to the as-deposited condition (0%). The value of the 2% strain was just
above the COS, resulting in large crack spacing in the Mo film, while at a strain of 5%, the
crack saturation regime was reached (smaller crack spacing). The average saturation crack
spacing of 38.8 ± 12.8 µm was measured from the recorded CLSM images of the surface
after 6% applied strain.
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Figure 2. Crack evolution on the surface of the Mo film strained up to 6%. All images are taken under
load to enhance the visibility of the cracks. The straining direction is in a vertical direction.

During the ball-on-disc tests against the three counterparts, all the samples, regardless
of the strain level, revealed similar values for the coefficient of friction (COF), with the
majority of the COF values falling between 0.5 and 1.5, which is in agreement with a
previous work [28]. Cracks that appeared on the film surface with straining were without
significant effect on the friction. An overview of the surface morphologies of the Mo film on
PI after tribological testing against the SLG counterpart is shown in Figure 3. Deep groves
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going through the entire film to the substrate can be observed in all the cases, indicative
of abrasive wear mechanisms characterized by material removal through ploughing and
cutting actions [34]. Another distinctive feature in all the samples is the secondary crack
pattern in the wear track, which is an indication of fatigue due to repeated loading and
unloading of the film as the counterpart passes [34]. Loose material of broken film can be
seen mostly on the outside of the wear track as wear debris, further emphasizing abrasive
wear. In the images of the samples exposed to straining to 2% and 5%, there are visible lines
going across the width of the wear track, portraying cracks in the film that resulted from
the pre-conditioning (straining) procedure. Increased strain caused an increased number of
cracks to be visible on the surface. The secondary cracks are similar to biaxially induced
cracks [35] and have smaller spacing compared to the cracks induced via straining.
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Figure 3. Laser intensity images of wear tracks on Mo films after straining to 0%, 2%, and 5% and ball-
on-disk tests against SLG. The first row illustrates the general view of the produced wear tracs. The
second row shows images with higher magnification and the secondary cracking that occurred during
tribological loading. The arrows in all the images mark the position of cracks induced by straining.

No pronounced influence of the cracks was observed in regions where the cracks were
perpendicular to the sliding direction, as shown in Figure 3. However, in places with an
oblique angle between cracks and sliding direction, additional effects were observed, as
illustrated in Figure 4, for the sample that was strained to 2% strain prior to the tribological
test. Mo film fragments in these places broke off directly in a line going from the horizontal
crack to the already existing grove in the wear track, creating triangular shaped wear
features (see marked areas in Figure 4). In addition to enhanced film material removal at
the crack lines, wear debris was redistributed within the wear track and accumulated at
open crack edges (see marked area in Figure 4). This material remains within the wear
track and does not contribute to the wear debris outside the wear track at this stage of
the wear test. Again, secondary cracks are also visible and follow the circular path of the
counterpart. The cracks that form due to pre-conditioning act as concentration points for
film fragments to be removed or as collection points for the generated debris.
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Figure 4. Laser intensity images of wear tracks after ball-on-disk tests against the SLG counterpart on
Mo films strained to 2% to illustrate that, at oblique angles to the strain-induced cracks, wear debris
is collected (left image) or more removed (right image), perpendicular to the cracks. The arrows in
the top left of the images indicate the sliding direction of the counterpart.

By increasing the strain from 2% to 5%, the number of cracks increases, and, hence, the
number of sites with additional film removal and accumulation also increases, as shown
in Figure 5. Film fragment removal can lead to a widening of the wear track compared
to the areas where the counterpart path is more perpendicular to the cracks (see Figure 3)
and an enhanced wear in such regions as triangular-shaped wear features are joined and
enlarged. In the present case, the wear track width, defined here as the width of the track
where PI is visible (very dark or black areas in the figures) increased from 5 to 10 µm for
the 0% and 2% strained samples up to values of 80 µm for the samples preconditioned with
5% applied strain.
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Figure 5. Laser intensity images of wear tracks with exposed substrate after ball-on-disk tests against
SLG counterpart on Mo films strained to 2% and 5%. Comparing the 2% strained with the 5% strained
sample, with a smaller crack spacing (higher crack density), more of the Mo film is removed.

The results of the tribological tests against the steel counterpart, 100Cr6, are illustrated
in Figure 6 and reveal similar wear behavior. As was the case for SLG, grooves down to
the substrate are formed in the wear track alongside secondary fatigue crack pattern with
fragmentation and film removal in the tribological contact zone. This generally similar
behavior can be understood by the comparable hardness of the 100Cr6 counterpart to
the SLG counterpart. The influence of the cracks from straining is slightly different, as
larger Mo film fragments were removed in the vicinity of cracks in the case of the 100Cr6
counterpart as compared to the SLG counterpart. Such fragments can have a size of about
20 µm compared to size of 8 ± 2 µm for SLG. Figure 7 shows removed fragments in a
sample tested against 100Cr6 that was strained to 5%. The fragment size is around the
same size as the saturation crack spacing. The interaction between the relatively hard
counterparts and the Mo film contribute to material loss and surface degradation over time.
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These observations collectively highlight the predominance of abrasive wear mechanisms
in the tribological behavior of the SLG and 100Cr6 counterpart on Mo film.
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induced cracks.

A different situation was encountered when using PEEK as the counterpart in the
tribological tests. The surface of the films after testing was largely unchanged, and no
pronounced wear track was observed, as shown in Figure 8. Due to the low hardness of
PEEK, the wear behavior differed significantly from that observed with SLG and 100Cr6.
Instead of deep grooves and fragmentation, the Mo film surface was mainly polished, and
only a few shallow grooves were observed. The wear mechanism observed when using
PEEK as the counterpart in the tribological tests can be described as primarily abrasive
wear, coupled with some degree of polishing. Additionally, the presence of cracks was
without significant influence on the wear behavior. Most notably was that film fragment
removal from crack edges and the secondary fatigue crack patterns as observed for SLG
and 100Cr6 were absent in the case of the PEEK counterpart, highlighting a distinct wear
mechanism characterized by polishing and minimal material removal.

The wear scars on the counterparts, as shown in Figure 9, have a different appearance,
depending on the mechanical properties and the surface structure of the counterpart, as
well as the behavior when in contact with the Mo film. The SLG counterpart had small
depressions on the outside in its original state, which are still partly visible in the wear scar
of the counterpart after the tribological test. In this instance, film fragments accumulated at
the back of the worn area on the counterparts. Straining the Mo film influenced the amount
of the accumulated material on the counterparts but did not appear to be significant. The
surface of the 100Cr6 counterpart did not have the distinguishing features of all three
counterparts initially, and the wear scar can easily be observed. In this case, the groves left
from sliding were shallower and, in contrast to SLG, the Mo film fragments accumulated
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not only at the back of the wear scar but also in the center region. The straining of the Mo
film had a similar effect, indicating that an increase in wear debris material was noticeable
with increase in straining. Finally, the PEEK counterparts had the most structured surface,
with the deepest impressions of all three counterpart materials. Furthermore, the wear
scars are least pronounced in the case of the PEEK counterparts. This can be understood by
the fact that the PEEK counterpart material had the lowest hardness, and film fragments
were not removed during the tribological test, and only smooth wear tracks were observed
on the Mo film as well as on the PEEK counterpart. As only very little wear debris was
generated in the tests against PEEK, no particles accumulated at the front of the wear scar
of the ball. This observation is independent of the prior straining of the Mo film.
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4. Conclusions

The effect of straining on the wear behavior of Mo films deposited by HiPIMS onto
compliant polymer foils was investigated. The characterization of the cracks induced by
applying uniaxial tensile strain revealed that a crack saturation regime was reached at
around 5% applied engineering strain. When the Mo films were tested against 100Cr6 and
SLG counterparts, a combination of fatigue and abrasive wear—the latter caused by the
ploughing of transfer material—was observed, and wear debris accumulated outside and
inside the circular wear track. In areas where the cracks were perpendicular to the sliding
direction, no significant impact of the cracks on wear behavior was seen. By contrast,
enhanced fracture and more film fragment removal were observed, where an oblique angle
between the cracks and sliding direction was present. Minimal changes in wear tracks
were observed when testing against the soft PEEK counterpart after straining, with limited
material transfer. Overall, the results show that the proposed approach of using ball on-disc
tests on strained metallic films and compliant substrates is a suitable technique to gain
insight about the effect of induced cracks on tribological behavior, especially as the angle
between the cracks and the sliding direction is a major factor of influence. Moving forward,
further exploration into the interplay between crack morphology and wear mechanisms will
be crucial for advancing our understanding of tribological phenomena in heterogeneous
material systems.

Future research in this field could explore several avenues to deepen our understand-
ing of tribological behavior in thin-film and compliant substrate systems. Intermittent char-
acterization techniques during tribological testing, such as scanning electron microscopy
(SEM) or atomic force microscopy (AFM), could offer visualization of the evolving wear pro-
cesses and help elucidate the underlying mechanisms at a finer scale. Moreover, studying
the long-term stability and reliability of these systems under cyclic loading and extended
tribological exposure could provide valuable insights into their sustainability for practical
applications in various fields, such as flexible electronics, biomedical devices, and aerospace
components. Future research endeavors aimed at addressing these challenges could sig-
nificantly advance the current understanding of tribological phenomena in thin-film and
compliant substrate systems and pave the way for the development of more robust and
reliable materials and devices.
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