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Friction and Wear Behavior of Laser-Induced Graphene

Structures on Polyimide Films

Milena Gleirscher, Stefan Zeiler, Paola Parlanti, Christine Band|, Verena Maier-Kiener,

Francesco Greco,* and Sandra Schlogl*

Laser-induced graphene (LIG) is formed by the conversion of certain carbon
precursors when irradiated with a laser beam. Predesigned LIG patterns are
scribed onto the precursor material in a low-cost and maskless process, which
enables the fabrication of flexible and electrically conductive materials for various
applications. This study explores the friction and wear behavior of LIG from

a polyimide precursor. Line patterns with different widths (200, 100, 50, and
30 pm) are introduced to modify the friction properties. An ultraviolet laser
source with a nominal beam size of 2 pm is used, as it allows to scribe patterns
with smaller dimensions and at higher resolution compared to the more com-
monly applied infrared laser sources. A distinct correlation is established between
the pattern and its friction behavior, where lowering the line size results in a
decrease in the coefficient of friction (COF). The wear behavior is evaluated,
revealing gradual wear of the protruding LIG roughness peaks and a change in
the graphenic material, which reduces the COF during the running-in stage of the
tribological testing. Due to its versatility in terms of precursor material, patterning
options, and morphology modification, LIG represents a meaningful candidate

and maskless conversion and patterning
of the precursor using commercially avail-
able laser cutting/engraving equipment.’**

The formed 3D porous graphene films,
referred to as laser-induced graphene
(LIG), are generated through a photochemi-
cally and thermally induced conversion of
a precursor.” Applicable precursor materi-
als include high-temperature engineering
plastics, first and foremost polyimide (PI,
Kapton),!"*"® though LIG formation on cer-
tain crosslinked vinyl polymers and epoxy
resins has also been demonstrated.”! To
date, increasing efforts are made to obtain
LIG from bioderived materials."®' In a
more recent approach, inks or paints
obtained from low molecular weight xan-
thene dyes are used as a new type of precur-
sors for LIG formation and allow for LIG

for customized tribological applications.

1. Introduction

The formation of graphene from commercial polymer films by
laser-induced pyrolysis has been extensively studied since the
seminal work of Lin et al. in 2014.!Y Among the various graphene
fabrication techniques,”” transformative direct laser writing
(DLW) has the advantage of a single-step, fast, chemical-free,

functionalization on virtually any surface.!'?

Properties of LIG include excellent ther-
mal and electrical conductivity, good
mechanical strength, and flexibility, paired
with high porosity and specific surface area.l'*! These favorable
characteristics combined with the possibility to (spatially) control
the properties and the structural morphology of LIG by tuning
the laser parameters and the available option of graphene func-
tionalization®®' render LIG a popular area of research.
Discussed shortcomings of LIG compared with conventionally
fabricated graphene mainly mention a lack in quality and
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limitations in the selection of applicable precursor materi-
als."*'”! However, its overall comparatively straightforward
and inexpensive production within a single synthesis or pattern-
ing step makes this method of graphene fabrication appealing for
a wide range of applications,!"® including optoelectronic devices,
energy storage devices, biosensors, biomimetic devices, and sen-
sorized soft robots.l'>2!] Recent advances in soft skin electronics,
aimed at the implementation in intelligent healthcare, show a
promising field for future LIG-based applications.”*? In addition,
the utilization of LIG is highlighted in the fabrication of triboelec-
tric nanogenerators (TENG), which are capable of converting
mechanical motion (e.g., sliding) into electrical energy and, thus,
harvest energy for autonomous devices.>=!

Graphene-based materials possess excellent anti-wear and
friction-reducing properties due to their self-lubricating lamellar
structure and film-forming abilities, which qualifies them as
potential candidates in tribological applications.***”) As a low-
cost and conveniently manufacturable graphene-based material,
LIG could be utilized in friction and wear related areas. However,
to date, its macroscale lubrication performance is still underex-
plored. In 2022, Xue and coworkers!*®! reported on the potential
of LIG as a solid lubricant. They were able to show good friction
behavior of LIG fabricated from PI films on silicon substrates
with varying surface roughness.

In addition to controlling the laser-induced pyrolysis through a
set of scribing parameters, DLW creates the opportunity to
resolve high-precision LIG patterns, thereby tuning the tribolog-
ical characteristics of a polymer surface. In literature, the intro-
duction of surface textures is a popular approach to change
surface topography, surface roughness, and, consequently, the
number of contact points, which is crucial for controlling the fric-
tion and wear behavior.”! The reduction of the real area of con-
tact, lowering of the adhesion or the collection of wear debris are
possible mechanisms that can contribute to improved tribologi-
cal performance of structured surfaces.*” Etsion and cowork-
ersP®3?l demonstrated the beneficial effects on the tribological
performance of different mechanical components in the 90s,
which promoted an ever-increasing interest in the effects of sur-
face texturing in different lubrication regimes.***!

Herein, we present an investigation into the arising oppor-
tunities from using LIG to obtain a conveniently patterned
graphenic material and examine the resulting tribological
properties. DLW using a UV laser source was used to write

(a)
UV laser
Polyimide t Y
olyimide tape Beam motion (v)

\ LIG along x-direction
’ \ X 7 J

Glass slide

www.small-science-journal.com

LIG structures onto a polyimide tape, a well-established LIG pre-
cursor. Selected symmetrical line patterns with varying line
widths and spacings ranging from 30 to 200 pm were fabricated,
and the tribological behavior of the patterned surfaces was com-
pared to those of a fully covered LIG surface. The obtained LIG
morphology was assessed as a function of the laser processing
parameters and characterized through optical and confocal
microscopy, scanning electron microscopy (SEM) imaging,
X-ray photoelectron spectroscopy (XPS), and Raman spectros-
copy. The tribological properties of LIG surfaces and the influ-
ence of surface patterning on LIG friction and wear were
investigated, and a correlation between the sized line patterns
and the evolution of the coefficient of friction (COF) could be
established. Sliding-induced changes to the LIG and the evolu-
tion of wear were examined by comparing the wear tracks formed
by a variation in the number of measurement cycles.

2. Experimental Section

2.1. LIG Synthesis: Laser Scribing and Patterning

A laser cutter/engraver (Keyence 3-Axis UV Laser Marker
MD-U1000C) operating with a YVO, laser source at 355 nm wave-
length, an output of 3 W/40 kHz, and a marking resolution of 2 pm
was used to create LIG patterns on PI tape (Kapton HN, DuPont,
50 pm thickness with silicone glue, supplied by M&S Lehner
GmbH) under ambient atmosphere. The PI tape was attached to
glass microscopy slides with dimensions of 25 x 75 x 1 mm
(ISO 8037/1, Espredia) for convenient sample handling. To exclude
the impact of ambient humidity, the samples were stored in a des-
iccator. As shown schematically in Figure 1a, the UV laser beam,
with a power P of 15% and a pulse frequency of 210kHz, was
scanned across the polyimide film at a scan speed of 55 mms™*
to write the individual line patterns. Five different patterns were
fabricated, including four variations of differently sized line pat-
terns (line width: 200, 100, 50, and 30 pm) and a fully covered
LIG surface (fill) as displayed in Figure 1b. The line patterns all
had equal line width and line spacing between the individual lines
of the pattern (Figure 1c). Thus, the term “line size” is used in the
following for brevity, defining both the width and the spacing.
The smallest resolvable line size using the set laser parameters
was 30 pm. Therefore, the individual lines in the 30 pm pattern

) (c) Line Line
fill = width spacing
‘:—_1

e - BT
200 pm

line size Line size = Line width =
100 um = Line spacing

Scribed pattern

line size _
50 um = 11 mm
[ 11mm .
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Figure 1. a) Schematics of the scribing of line patterns onto the Pl tape with a UV laser source. b) lllustration of different pattern variations (fill and the

various line sizes). ¢) Nomenclature of the geometric designation used to describe the fabricated line patterns. d) Schematics of a sample consisting of

four individual patterns.
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were scribed in a single laser pass. All other patterns had to be
scribed using more than one adjacent laser pass (a fill interval
of 15 pm denotes the distance between the respective laser passes)
to fill out the desired width of the thicker lines. The selected pat-
terns were scribed in individual sized squares of 11 x 11 mm, and
each sample consisted of four squares with individual patterns
(Figure 1d).

2.2. LIG Characterization

2.2.1. Optical Microscopy

The fabricated LIG patterns, LIG morphology, formed wear
tracks, and the transfer films on the counterpart were investi-
gated with a Stemi MAT 7 light microscope (Carl Zeiss
GmbH) and its implemented Axiocam 208 color camera (Carl
Zeiss GmbH) using bright and dark field mode, and a Hirox
HR 5000(E) (Hirox Europe) digital optical microscope equipped
with a High-Range Motorized Triple Zoom Lens in bright
field mode.

2.2.2. Confocal Microscopy

The surface topography was characterized with a confocal micro-
scope MicroProf(Fries Research & Technology GmbH). The
measuring frequency was 320 Hz with a measuring speed of
365 pms ' and a lateral resolution of 1 pm. The measurement
provides the intensity data of the collected light, which is used
to determine the topography of the surface. The measurement
data and 3D profiles were extracted from the intensity measure-
ments with the associated software Mark III (Fries Research &
Technology GmbH), and the corresponding height profiles were
evaluated using a Python script.

2.2.3. SEM

Focused Ion Beam Scanning Electron Microscope (FIB-SEM)
Helios Nano Lab 600i (Thermo Fisher Scientific Inc.) was used
for SEM imaging. The images were acquired at 4 mm working
distance, operating at 5kV and 43 pA and using an Everhart—
Thornley detector (ETD) collecting secondary electrons (SE).

2.2.4. Raman Spectroscopy

Raman spectra were recorded with an alpha300 R Raman imag-
ing microscope (WITec GmbH) with a laser wavelength (4;) of
532 nm. The laser power was set to 2 mW, and 50 single spectra,
each with an integration time of 1 s, were accumulated. The spec-
tra were obtained on the pristine LIG surface and on the wear
tracks, formed by tribological testing, and averaged from 6 to
10 measurements to account for the localized nature of
Raman measurements. The peak intensities of the D band
(Ip), G band (I;), and 2D band (I,p) were measured. The crys-
tallite size (L,) of the samples was estimated according to
Equation (1).34

L[] = (24 x 1092 (2) (1)
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2.2.5. X-ray Photoelectron Spectroscopy (XPS)

The chemical composition of the sample surfaces was analyzed
by XPS at room temperature using a Nexsa G2 Surface Analysis
System (ThermoFisher Scientific) with monochromatic Al Ko
radiation. Data acquisition, processing, and analysis of the spec-
tra were performed using the associated software Avantage Data
System. KherveFitting software was used for deconvolution of
the C 1s detail scans. The spectra were fitted by Gaussian—
Lorentzian functions with 30% L/G Mix applying the included
“Smart” background option, based on a Shirley background.
Survey scans were carried out at a pass energy of 100eV and
an energy resolution of 1.0eV, while high-resolution spectra
were recorded at a pass energy of 20eV and a resolution of
0.1eV. The relative atomic concentration was calculated from
the integrated peak areas of major photoelectron spectral lines
by subtracting the background. The C 1s line was used to cali-
brate the binding energy scale for the measurements, assuming
a binding energy of 284.8 eV for C—C bonds. Hydrogen is omit-
ted in the calculation of the surface composition. For each
sample, two measurements with a spot size of 200 pm were con-
ducted. C 1s peak fitting was carried out in accordance with
parameters provided by Biesinger et al.?* and details of the peak
deconvolution are provided in Table S2, Supporting Information.

2.3. Tribological Testing

The friction behavior of the LIG-patterned surfaces was investi-
gated in a linear reciprocating ball-on-plate configuration on a
Universal-Micro-Tribometer UMT-2 (Bruker Nano Surfaces
Division) using 100Cr6 steel balls with a diameter of 6 mm (hard-
ness HCR 60/62) as counterparts. The steel balls were cleaned
with acetone prior to testing. The tribological tests were carried
out under laboratory conditions (22 +2°C and 30% RH). The
test parameters were set to a normal load of 1 N, a constant linear
velocity of 0.5 mm s~ for a single stroke in the initial measure-
ment, and up to 100 cycles in the reciprocating measurements
with a stroke length of 8 mm. Each test was repeated at least twice
per sample and carried out on three different samples for each
pattern. Mean coefficients of friction were calculated after over-
coming the static friction in single-stroke measurements and in
the steady-state regime of reciprocating measurements reached
after ~20 cycles. The resulting COF evolution is plotted for
the forward and backward strokes during the sliding movement,
the turning points where the velocity becomes zero were
excluded. The test setup is illustrated in Figure S1, Supporting
Information, and a schematic representation of the contact
condition between the counterpart and the sample is presented
in Figure S2, Supporting Information.

3. Results and Discussion

3.1. Formation and Characterization of LIG Patterns
Polyimide was chosen as a substrate to fabricate samples for
investigation of the tribological properties of patterned LIG struc-

tures, as it is a well-established precursor material.*®! A commer-
cially available PI adhesive tape was applied on top of glass
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microscopy slides, as they provide stable support in the tribolog-
ical test setup and allow for convenient sample handling. The
LIG patterns were designed in 11 x 11 mm-sized squares appro-
priate for the reciprocating ball-on-plate test setup. Four differ-
ently sized line patterns and a filled square were scribed.

Those structures were selected as different line patterns have
already been explored as suitable textures to manipulate the tri-
bological properties of a surfacel*’*% and are eligible for both the
used texture fabrication process, and the measurement setup
applied for tribological testing. To fabricate lines with widths
of 200, 100, and 50 pm multiple laser passes were necessary
to fill the relevant area. The distance between the individual
passes was set to 15 pm. The 30 pm lines were scribed in a single
pass and represent the smallest obtainable line width, which
could be scribed using a UV laser with a beam size of 2 pm
and the selected laser parameter. As there is no overlap between
subsequent laser passes in the 30 pm pattern, the lower overall
energy input (lower laser fluence H, defined as laser power per
unit areal") may affect LIG formation. Therefore, possible impli-
cations on the characteristics of the 30 pm lines and potential
distinctions to the other patterns have to be considered. In gen-
eral, the difference between the beam size and the size of the
scribed lines is a result of the area affected by local heating
due to the laser pass, typically referred to as the heat affected-
zone (HAZ). Therefore, the resulting area of LIG conversion
is always larger than the irradiated area.[*”) This effect was taken
into consideration for the design step of the patterns to achieve
the desired line width and spacing between individual lines.
Furthermore, the surface morphology and composition of the
LIG is determined by the laser parameters.*®*!! Thus, in an ini-
tial step, different laser parameters were evaluated. For this pur-
pose, preliminary 100 pm line patterns were fabricated, where
the influence of the laser parameters on the dimensions and
defect-free appearance was evaluated by optical microscopy,
and the impact on the electrical resistance of the lines was mea-
sured with a multimeter. Further details of this parameter eval-
uation are displayed in Figure S3, Supporting Information. To
limit influences from LIG formation, such as changes in mor-
phology and effects on the mechanical properties, which in turn
could affect the tribological properties, the selection of a single
set of scribing parameters for the fabrication of all patterns was
deemed appropriate. A parameter set resulting in a uniform
graphene structure was selected for all subsequently assessed
samples.

LIG formation is defined by its photochemical (bond cleavage
and subsequent removal of functional groups that are recom-
bined into volatiles) and photothermal (rearrangement of aro-
matic compounds and other carbon structures from sp® to sp*
hybridized graphenic structures) contributions.*” Both reac-
tions occur simultaneously but a dependence on the type of laser
used and set laser fluence was reported.">*? Fiodorov and
coworkers!*}! investigated how different wavelengths affect the
conversion and showed that they also influence the photochemi-
cal versus photothermal contributions. The photon energy of
infrared radiation is too low to directly break the chemical bonds
in polyimide; therefore, the indirect heating effects are dominat-
ing. In contrast, the photon energy of the ultraviolet laser is high
enough to directly break the bonds (the C—C bond energy is
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approximately equal to the 355 nm photon energy), which trans-
lates to a dominating photochemical effect.

Furthermore, a favored photochemical effect at low laser flu-
ence and a favored photothermal effect at high laser fluence was
discussed by Shin and coworkers.**! At low laser fluence, the
threshold for LIG formation is not reached, and no consistent
and continuous lines can be scribed. Under low fluence, only
simple ablation of the material is observed, as commonly used
in laser engraving. An increase in the laser fluence leads to
the formation of thin carbonized sheets, followed by higher
porosity due to the outgassing of oxygen and nitrogen.
Subsequently, a transition from the porous graphene to out-
breaking fibers occurs, which ultimately results in the destruc-
tion of the polyimide substrate at too high fluence.!**%

The line patterns obtained with a power of 15% and a scan
speed of 55mms™" were investigated by optical microscopy
(Figure 2a), evidencing that the individual lines were formed
in a uniform and continuous manner. Conductivity measure-
ments using a multimeter confirmed that the lines were not dis-
continued within the pattern, and an electrical resistance of
~250Q was measured for the 11 x 11mm filled squares.
Depending on the laser settings, high fluence can also lead to
vaporization of the PI film, which causes the distribution of finely
pulverized particles on the surface.l*”) With the selected param-
eters, no particles were detected on the PI surface in between the
scribed lines and the LIG is restricted solely to the irradiated
areas.

Confocal microscopy images (Figure 2b) reveal that the laser-
induced graphene protrudes from the PI substrate, which lowers
the number of contact points and allows for the counterpart to
slide against the graphenic textures. SEM imaging (Figure 2c)
shows the difference in morphologies of the filled LIG surfaced
obtained by scribing multiple adjacent lines with a distance of
15 pm and a single scribed line. The raised feature of a single
line does not exhibit a rectangular shape but more of a curved
shape, which is higher at the edges compared to the center.
Similar effects were previously discussed by Luo et al.’! and
attributed to the non-uniform distribution of the intensity of
the laser beam over its diameter.

The obtained Raman spectra of the LIG structures (Figure 2d)
feature three prominent peaks: the D peak, which is known as
the disorder band and is a characteristic of the defective graphite
structure at ~1350 cm™'; the G peak, the primary mode in gra-
phene and graphite, which is related to sp” carbon lattice stretch-
ing vibrations indicating graphitic carbon at ~1580 cm™'; and the
2D peak (or G’), caused by two phonon vibrational jumps in car-
bon atoms with anti-directional momentum at ~2700 cm ™~ **¢47)
The intensity ratio between the D band and the G band and
the 2D band and the G band gives insight into the degree of
graphitization of carbon materials. A higher I, /I ratio is indic-
ative of lower quality LIG as the higher defect concentration
increases the D peak intensity. Simultaneously, the 2D peak
intensity is decreased by a higher defect concentration, and
therefore, a lower I,p/Ig ratio characterizes LIG with a lower
quality.”*¥ Furthermore, the I,p/Ig ratio is useful to assess
the number of graphene layers and stacking order.***! The
measured Ip/I ratio of 089 I,p/I; ratio of 0.27 are in the
range of various examples reported in literature, especially for
LIG scribed using a UV laser source.l*******1 The comparably
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Figure 2. a) Optical microscopy images of the various UV-LIG patterns on polyimide tape. b) 3D surface topographies obtained with confocal microscopy
of 250 x 250 pm sized segments of the samples (fill and the individual line sizes). c) SEM images obtained with increasing magnification (top to bottom)
of the LIG surfaces displaying the differences in LIG formation of the filled and single line (30 pm) sample, respectively. d) Raman spectra of the filled
sample, which was averaged from six individual positions on three different samples. The intensity and shapes of the detected peaks are attributed to the

defective graphene material characteristics of LIG.%

high degree of defects in the UV-LIG can be linked to the occur-
rence of laser-induced pyrolysis, which introduces disorder into
the graphene lattice.*”!

3.2. Tribology of LIG-Patterned Surfaces

Tribological tests were conducted on the fully covered (fill) and
patterned (200, 100, 50, and 30 pm lines) LIG surfaces. Figure 3
displays the comparative results of linear reciprocating tribologi-
cal testing for a single cycle and 100 cycles, where the steel ball
counterpart, with a diameter of 6 mm, moves over a sliding dis-
tance of 8 mm at a constant velocity of 0.5 mm s™' and a normal
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load of 1N on the LIG-patterned PI samples. The sliding direc-
tion of the counterpart was perpendicular to the inscribed lines.
Figure 3a displays the evolution of the coefficient of friction over
a single stroke, the corresponding microscopy images of the
resulting wear tracks are shown in Figure 3c. Friction curves
from repeated measurements are available in Figure S4,
Supporting Information. The wear tracks show little indication
of wear of the LIG surfaces when the counterpart travels over
the LIG structures only a single time. A small amount of wear
debris, displayed as loose particles, is detectable on the laser-
scribed lines and in the spaces between them. Microscopy
images of the wear debris of the 200 pm lines and 100 pm lines
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Figure 3. Comparison of the COF evolution of patterned and filled LIG samples from a) single-cycle ball-on-plate measurements (8 mm sliding distance)
and b) measured over a duration of 100 reciprocating cycles, which equates to a measurement duration of ~30 min. Microscopy images of the
resulting wear tracks after c) a single sliding cycle and 100 cycles. d) Close-up images of the wear tracks to show the formed wear debris from areas

highlighted in (c).

that were obtained with a higher magnification are shown in
Figure 3d, position I and position II, respectively.

The friction curves exhibit a different evolution for the filled
LIG surface compared to the surfaces with varying line sizes. The
highest friction values were measured for the filled samples, with
a mean COF of 0.53 (£0.02), and the 200 pm lines, with a mean
COF of 0.53 (£0.04). The mean COF values were averaged in the
dynamic regime after overcoming static friction. The distinct
periodicity displayed by the 200 um lines friction curve can be
attributed to the comparably large spacing between the lines
in relation to the contact area of the steel ball (schematically dis-
played in Figure S2, Supporting Information), which leads to an
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up and down movement of the steel ball as it passes each indi-
vidual structure and gap respectively. This behavior manifests as
a large oscillation amplitude of the COF, which has also been
observed by other authors.">** The friction curve of the
100 pm lines also features slight oscillation. Still, it is signifi-
cantly less pronounced (i.e., smaller amplitude) compared with
the larger 200 pm lines, as the steel ball is unable to descend and
ascend as much into the gaps of the protruding LIG line pattern.
The mean COF decreased to 0.45 (£0.01). Oscillation gets even
less distinguishable when the line size is scaled down in samples
with 50 and 30 pm lines. For these line sizes, which are very
small compared with the diameter of the steel ball counterpart,
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the ball slides on top of the LIG lines without descending into the
gaps between them. The mean COF decreases further to 0.38
(£0.02) for the 50 pm lines and to 0.35 (+0.02) for the 30 pm
lines. Sung and coworkers®? studied the effect of surface topog-
raphy on the frictional behavior at the micro- and nanoscale in
2003. They identified a relationship between the coefficient of
friction and the geometric ratio (contact angle between the spher-
ical counterpart and the microscopic groove structures), which
can lead to a reduction of the coefficient of friction when the
counterpart passes the grooved area compared to the flat region.
A possible explanation of this occurring decrease in friction is a
reduction of the true contact area in patterned surfaces.>¥
However, conclusions have to be drawn with caution as the
understanding of true contact area in tribology is a challenging
topic.”® This correlation between friction and surface patterns
was also studied for patterned surfaces fabricated with laser sur-
face texturing (LST), and a friction reduction for different line
spacings was identified.***®) More factors that affect the
tribological behavior of structured surfaces include hardness,
plastic deformation, surface chemistry, adhesion, load contribu-
tion, and dispersion.”*®!

Subsequently, the tribological measurements were extended
to prolonged testing durations of 100 cycles (50 forward and
50 backward strokes) of the linear reciprocating sliding motion.
All test parameters were equal to those of the previously shown
single-stroke measurements, conducted over a length of 8 mm
perpendicular to the inscribed lines. The evolution of the coeffi-
cient of friction over the entire measurement duration is dis-
played in Figure 3b; the corresponding microscopy images of
the wear tracks, formed by the repeated sliding motion of the
steel ball, are shown in Figure 3c. In contrast to the single cycles,
a clearly pronounced wear track can be recognized for all sam-
ples. The recorded friction curves exhibit a running-in period
where the friction coefficients steadily decline from an initial
higher value within approximately the first 20 cycles. This behav-
ior can be explained by the different stages of the evolution of
wear. When two pristine surfaces first come into contact in rela-
tive sliding motion, running-in is defined as a complex interac-
tion between friction, plastic deformation, and wear at the
asperity level, which determines the resulting surface
roughness, friction coefficient, and wear rate when a steady state
is reached.”” Possible explanations for the decreasing friction
coefficient include the gradual wear of the patterns, which
reduces the surface roughness of the LIG line surfaces,®® the
orientation of graphene planes (friction-induced self-orientation)
that benefits the friction behavior,®” or a tribochemistry-induced
surface change.!®"! At the macroscopic scale, the tribological per-
formance of graphenic materials is typically influenced by mois-
ture and temperature. Therefore, a contributing effect of
humidity on the evolution of friction during these longer dura-
tions is possible, as ambient conditions have been previously
reported to affect tribological tests.®” A comparable running-in
behavior is observed for both the patterned and the filled LIG
samples. However, the transition into the steady-state appears
to proceed quicker with decreasing line sizes. In the steady-state,
a more stable COF evolution is detected, which decreases with
reducing line sizes. This evolution follows the previously dis-
cussed relationship in single-stroke measurements, in which this
correlation was attributed to the reduction of true contact.
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Additional explanations for the friction-reducing effect of pat-
terned surfaces include the ability of surface textures to trap
and remove wear debris from the sliding interface.””) Hence,
plowing is reduced. Furthermore, the textures can act as lubri-
cant reservoir for solid lubricants.®*** The measured mean
COF values in the steady-state are as follows: 200 um lines
0.39 (+£0.04), 100 um lines 0.28 (+0.03), 50 pm lines 0.21
(40.01), 30 um lines 0.20 (+0.01), and fill 0.26 (£0.02).

Assessment of the wear tracks after sliding shows a noticeable
difference between the distribution of wear particles in the
grooves between the LIG structures for the different line sizes.
The wear tracks of the 200 pm lines features only a limited
amount of remaining wear debris on the polyimide surface
between the LIG-patterned lines, accumulated mostly on the
edge of the tracks (close-up view, Figure 3d, position III).

The number of accumulated particles increases for the
100 pm-lines and the particles still are mostly located on the edge
of the wear track (Figure 3d, position IV). With a further decrease
in line sizes (50 pm lines), a significant increase in the number
of trapped particles is visible and the particles are much
more evenly distributed over the entire width of the track
(Figure 3d, position V). For the smallest evaluated 30 pm lines
a very even distribution of the particles across the wear track
can be observed, which suggests a correlation between line size
and particle trapping ability. These different capabilities to cap-
ture wear particles might contribute to the different mean COF,
which are reached in the steady-state due to the abovementioned
positive effect of reduced plowing or lubricant reservoir for solid
lubricants. Figure S5, Supporting Information, shows micros-
copy images of the transfer film formed on the counterparts.
The transferred LIG is mostly visible at the areas corresponding
to the edge of the wear track and most pronounced for the
200 pm lines.

To further investigate the effect of the tribological testing on
the LIG-patterned surfaces, confocal micrographs were taken to
measure their surface topography and explore the friction-
induced changes. Figure 4 provides the obtained intensity
images (a) and extracted height information (b, ¢, and d) from
the 3D topographies. The height profile (Figure 4b) was extracted
from the unworn area outside of the wear track and therefore
corresponds to the pristine LIG surface. In comparison,
Figure 4c displays the height profile extracted from the center
of the wear track. Mean height values were calculated for the
individual height profiles but should only be considered in a
comparative manner, as the black surface of LIG is challenging
for optical characterization techniques, resulting in measure-
ment uncertainties stemming from, e.g., spikes and non-
measured points.!*” The measured LIG height in the unworn
area averages 2.31 (£1.0)pm with individual tips exceeding
6 pm. The height profiles extracted from the center of the wear
track show a significant decrease for all samples compared to the
unworn height profiles, with mean a LIG height of 1.60
(£0.5) pm. This finding supports the hypothesis of a wear mech-
anism, where the gradual wear of the LIG patterns causes a
reduction of the surface roughness, which contributes to the
reduction of the COF during running-in. The smoothening of
the tips and asperities is also reflected in the extracted vertical
profile shown in Figure 4d.
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Figure 4. a) The extracted surface topographies of the various line patterns, sized 1 x 1 mm, are displayed in a color map with values related to the
measured intensities. The different positions of the extracted height profiles are labeled and indicated with marked lines. b) Horizontal line profiles of an
unworn area of the line patterns with calculated mean height values. c) Horizontal line profiles from the middle of the wear track after 100 sliding cycles.
d) Vertical line profiles that show the groove formed by LIG wear caused by the repeated sliding motion of the steel ball counterpart.

Another interesting aspect that is revealed in Figure 4a is the
worn PI tape (recognizable by the orange color due to higher
intensity) in the wear tracks between the 200 and 100 pm lines.
This can be traced back to abrasion caused by the relatively hard
LIG wear debris, compared with the PI tape. In contrast, as the
counterpart slides on top of the LIG structures for both 50 and
30 um lines, not coming into contact with the PI gaps, no signif-
icant wear of the PI tape is detected. The latter finding has an
additional influence on the evolution of friction.
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To explore the effect of the tribological stress on LIG and its
evolution of friction and wear, additional friction tests
were carried out on a filled sample and stopped after a certain
number of linear sliding cycles (100, 50, 30, 20, and 10 cycles,
respectively). The formed wear tracks were evaluated by
means of confocal microscopy, Raman spectroscopy, and
XPS to study the running-in behavior of LIG. The correspond-
ing friction curves (Figure 5c) show that the evolution of the
COF approaches a steady-state value of ~0.3, which is reached
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Figure 5. a) Confocal microscopy images of the wear tracks on a filled LIG sample formed by reciprocating linear sliding motion for a decreasing number
of cycles (top to bottom) including the pristine LIG surface as a reference. b) Corresponding average Raman spectra and deviation between the repeat
measurements obtained from each individual wear track. c) Comparison of the COF evolutions of the varied measurement durations of the filled LIG
sample. d) Evolution of the Ip/Ig and I, /I ratios of the average Raman spectra as reported in (b).

after around 35 cycles. Figure 5a displays confocal images of The respective Raman spectra are shown in Figure 5b, includ-
the formed wear tracks and the change in detected intensity  ing the average spectra, scattering of the repeat measurements
(represented by the change in color) correlates to the degree  and the calculated Ip/I; and I,p/Ig ratios. The shift in the

of wear.

Small Sci. 2025, €202500335

€202500335 (9 of 12)

Ip/Ig and I,p/Ig ratios over the number of measured cycles
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is presented in Figure 5d. The spectra were normalized to the G
peak to visualize the changes in D peak, over the evolution of the
tribological tests. An Ip /I ratio of 0.88 (£0.02) was measured
for the pristine LIG surface, which increased to 1.08 (£0.05) after
100 cycles. The increase in the I,/Ig ratio with an increasing
number of sliding cycles signifies a more defective carbon struc-
ture. Due to the mechanism of LIG formation, where the LIG
essentially grows from the PI substrate, the morphology of
the LIG varies over its height profile.*”! The changes in the
Raman spectra indicate that sliding against the counterpart wears
down the top layers of LIG, which are richer in graphene and
reveal the underlying, more defective, morphologies. The signif-
icant reduction in COF during the running-in phase can be cor-
related when comparing Figure 5c and the Ip/I; ratio in
Figure 5d. In addition to the decrease in surface roughness
resulting from the abrasion of LIG roughness tips, other factors
likely contribute to this significant decrease in COF and change
in the Raman spectra. Tribological stress is a known cause of
surface layer formation, resulting in a different microstructure
compared with the pristine material. Therefore, contributing fac-
tors to this decrease in COF from friction-induced changes
include the previously mentioned orientation of graphene planes
and the ability of graphenic materials to self-lubricate due to their
film-forming abilities.””! In addition, the scattering of the single
Raman spectra is most prominent on wear tracks after 20, 30,
and 50 cycles, explained by the progression of the running-in pro-
cess, where both worn and unworn areas occur simultaneously.
As the sliding duration increases further (100 cycles), the surface
is mostly worn, which leads to reduced scattering between the
individual measurements on the wear track. The apparent broad-
ening and overlap between the D band and the G band is an indi-
cation of a certain degree of amorphous carbon in contrast to the
distinct D and the G bands of LIG. The reduction of intensity of
the 2D band further supports this revealed changed LIG mor-
phology in the wear tracks due to frictional load.

Established I, /I ratios of single-, double-, triple-, and mul-
tilayer graphene are in the range of > 1.60, 0.80, 0.30, and 0.07,
respectively.[*”) An I, /I ratio of 0.26 (£0.03) was measured on
the pristine LIG surface, which indicates the occurrence of mul-
tilayer graphene. Furthermore, the I,p/I; ratios decreased to
0.19 (£0.04) on the wear track formed by 100 sliding cycles,
which is also an indicator of a more defective carbon structure.

The measured intensity of bands in Raman spectra can be
used to estimate the crystallite size L, using Equation (1).
Measured L, values decrease from 21.8nm of the pristine
LIG to 17.8nm after 100 sliding cycles, implying that the
tribological process could partially destroy the crystalline
domains.[*®”) The observed pristine value aligns with similar
findings reported in literature for LIG from polyimide.’®*
Typically, L, values higher than 20 nm indicate a graphene mate-
rial consisting of relatively large domains. In comparison, L, val-
ues lower than 20 nm are representative of relatively small and
potentially numerous crystalline domains.**)

Low-resolution survey scans and high-resolution detail scans
of the O 1s and C 1s regions of the pristine LIG surface, and the
formed wear tracks are provided in Figure S6, Supporting
Information. The detected spectra of the pristine LIG surface
show the characteristic dominating C 1s peak (84.0 (+0.8)
at%, consisting mainly of sp”carbon),"! a significantly less
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pronounced O 1s peak (12.0 (+£1.4) at%, related to the ambient
atmosphere present during the laser-induced pyrolysis)’® and
small contributions of the N 1s peak (4.0 (+0.6) at%, attributed
to the PI precursor material).l"! In comparison, the spectra
obtained from the worn tracks show a slightly increased C 1s sig-
nal and lowered O 1s and C 1s signals (Table S1, Supporting
Information), which corroborates the differences in LIG mor-
phology in the wear tracks. C 1s deconvolution reveals compara-
ble LIG binding states to those reported by Zhang and
coworkers.”!) However, the variations between the measured
XPS spectra are too minor to draw definitive conclusions, as
the references for accurately deconvolving laser-induced
graphene spectra are limited.

4, Conclusions

In this study, we investigated the fabrication of selected patterns
with varying line widths and spacings on polyimide tape using a
single-step irradiation with a UV laser source. In contrast to
commonly applied IR lasers for LIG formation, UV laser sources
benefit from a smaller spot size, allowing for scribing with a
higher spatial resolution. Here, we were able to scribe continu-
ous lines with a minimal resolution (line width) of 30 pm.
However, compared to LIG fabricated on PI tape using an IR
laser source, UV-lasing yields a more defective LIG, as it was
identified by Raman spectroscopy. This partial trade-off between
spatial resolution and LIG quality has to be taken into consider-
ation for the intended applications. The used laser scanning sys-
tem allows for control over the scribing parameters, including
speed and directions of scribing, which enables a simple and
flexible production of a wide range of patterns. Therefore, laser
scribing provides a convenient approach to introduce surface
patterns to influence the tribological properties. As laser scribing
can be applied to more and more materials, opportunities arise
to introduce surface textures onto various substrates in a conve-
nient, fast, and maskless process.

Tribological testing in a linear reciprocating ball-on-plate setup
showed that LIG exhibits an initial coefficient of friction (COF) of
0.52, which decrease significantly during running-in to a mean
value of 0.26. Optical microscopy, confocal microscopy, XPS, and
Raman spectroscopy were used to investigate the running-in pro-
cess and wear mechanism. Confocal microscope measurements
of the wear tracks at certain stages of running-in revealed a grad-
ual wear of the LIG. Thereby exposed LIG morphologies show an
increase in I /I ratios, a decrease in I, /I ratios, and a reduc-
tion of the crystallite size L, of the respective Raman spectra, sig-
nifying a more defective carbon structure. A significant effect on
the tribological behavior from introducing line patterns was
established. The mean COF was highest for the 200 pm lines
(0.39 in the steady-state) and decreased for the smaller line sizes
100 pm lines, 50 pm lines, and 30 pm lines, respectively. The
measured COF reached its lowest steady-state value of 0.20
for the 30 pm lines. The wear mechanism of the line patterns
was investigated, and a deviation between the distribution of
wear debris corresponding to the particle trapping ability of
the individual patterns was most prominent.

The underlying mechanisms responsible for the significant
decrease in COF during the running-in stage are not yet fully
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understood, as the tribological properties of a material always
result from a superposition of multiple effects. An abrasive wear
mechanism, which reduces the surface roughness of the LIG
peaks and forms fine, loose wear debris that remains in the con-
tact and possibly contributes a lubricating effect characteristic of
graphene materials, is indicated. The influence of LIG formation
(e.g., changes in morphology from different laser sources or
scribing parameters) on friction behavior has not been explored.
Therefore, to utilize the potential of LIG as a solid lubricant,
uncovering these structure-property relationships is crucial
and could help to reduce friction even further compared with
the results shown in this work.

Furthermore, a distinct delimitation of contributions from var-
iations in LIG material characteristics and the effect of different
patterns on the tribological properties is currently still limited.
Thus, this would be a key direction for future research to enable
the exploitation of patterning effects in governing the friction
behavior and to make LIG eligible for its use in tribological
applications.
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Supporting Information is available from the Wiley Online Library or from
the author.
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