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Abstract

Diamond-like carbon (DLC) coatings have very attractive mechanical and tribological properties, i.e. high hardness, low
friction and high wear resistance. Therefore, DLC is often used as a solid lubricant in moulds for injection moulding. Laser
processing of DLC with ultrashort lasers, i.e. femtosecond lasers, can be performed both at micron and sub-micron scales,
namely by producing laser-induced periodic surface structures (LIPSS). In this research, the effects of laser structuring/
texturing on DLC properties are investigated. First, the laser-processing parameters were optimised to produce uniform
LIPSS without damaging a thin DLC film and then the properties of the textured DLC-coated substrates were studied. It was
determined that the tribological properties of the processed surfaces remained unchanged, but the hardness of the structured/
textured DLC layers was reduced significantly. Although GAXRD and Raman spectroscopy did not show any significant
crystallisation of the DLC coating after the laser irradiation, the analysis indicated that a thin graphitised layer had been

formed on the surface as a result of the femtosecond laser processing.

Keywords LIPSS - Diamond-like carbon (DLC) - Femtosecond laser - Laser microprocessing

1 Introduction

Diamond-like carbon (DLC) coating is an amorphous form
of carbon with a significant fraction of tetrahedral (sp°)
bonds [1]. The coating stands out among others for its
high hardness, low friction coefficient, low adhesion, small
surface roughness, optical transparency [2] and chemical
inertness. Some of its properties are similar to those of dia-
mond because of the presence of diamond-like bonds and
also mostly because the isotropic disordered thin film does
not possess any grain boundaries [3]. At the same time,
they are cheaper to produce and therefore DLC coatings
are widely used in various applications, i.e. as protective
and wear-resistant coatings in biomedical implants [4],
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microelectronic devices [5], as infrared optical windows and
in magnetic storage discs [6].

DLC coatings also can be applied as solid lubricant to
increase the durability and reduce the demoulding forces in
injection moulding. The effectiveness of DLC coatings in
this process was studied and it was found that the replica-
tion performance together with the component’s life span
was improved [7]. In particular, it was possible to produce a
higher number of replicas with acceptable quality, while the
tool wear was minimised, i.e. the sharp edges on the mould
were preserved during a higher number of cycles without
the need to clean or replace the mould. Another benefit asso-
ciated with the use of DLC coatings in the microinjection
moulding process is its lower thermal expansion compared
with common steel moulds. This could increase the tool life
by preventing delamination, cracking and coating failures.
However, a good adhesion between the DLC coating and
the mould is necessary and a proper selection of the tooling
material, thermoplastics and moulding process parameters is
required [8]. Additionally, due to DLC’s lubricating proper-
ties and low surface roughness, the ejection forces in micro-
injection moulding of components with large area to volume
ratios surfaces can be decreased significantly [9]. Also, the
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same effect was observed on DLC-coated mould tools with
sub-micron textures (nano bead-like features and nanopillars
fabricated by photolithography) and this was explained with
the low coefficient of friction (CoF) as a dominant factor in
achieving low demoulding forces [10]. It is worth noting
that these investigations were conducted using relatively
thick DLC coatings up to 5 um, which were applied on com-
pletely machined moulds and thus their properties remained
intact. However, if sub-micron structuring of the moulds is
required, this should be performed only after DLC is applied
and it should be stressed that any processing, including laser,
should not alter the coating’s properties. In this way, DLC’s
advantageous properties could be combined with those of
micro- and nano-patterned/textured surfaces. So far, improv-
ing DLC’s properties was achieved by either strengthening
DLC with titanium or nitrogen doping [7] or by microscale
patterning of the coating with a nanosecond laser, resulting
in 30% CoF improvements [11]. Also, it was reported that
the friction properties could be preserved or even improved
after femtosecond (fs) laser sub-micron structuring, although
this was dependent on the contact material and laser pulse
energy [12, 13]. CoF as low as 0.02 was achieved when an
additional layer of MoS, was applied on top of the laser-
structured DLC [14].

Laser-induced periodic surface structures (LIPSS) are
known for their optical [15], antibacterial, biological [16]
and hydrophobic properties among their other surface
functionalisation applications. Such surface responses had
been achieved by optimising the process and thus to pro-
duce structures with specific geometric characteristics, e.g.
to generate uniform and homogenous LIPSS by obtaining
and maintaining the most effective light diffraction. LIPSS
are formed on surfaces at process settings near the ablation
threshold of a given material due to interference of incident
laser light with excited surface electromagnetic wave [17].
Their sub-micron periodicity depends on the laser source
wavelength and dielectric constants of the material, while
their orientation is normal to the beam polarisation vector
and their amplitudes can be varied by controlling the laser
fluence level [18].

Synergistic effects can be sought by fabricating LIPSS on
replication masters with DLC films, especially to improve
both their wear resistance, i.e. the tool durability with regard
to the surfaces’ functional response, and also the quality of
replicas because of DLC lubricating properties. However,
laser irradiation of amorphous materials, such as DLC, can
lead to structural changes and thus alter their properties.
Laser processing of DLC was already reported and pulse
duration was identified as the most important factor gov-
erning the resulting coating’s structure. Longer pulses and
higher intensity led to graphitisation, spallation and evapora-
tion and thus creating swelling, delamination and removal of
the DLC layer at the end. In addition, surface morphology
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changes have been observed that are common in carbon-
based materials, for instance a structural transformation
into glassy carbon (GC) [19]. This carbon material has sp®
content close to 0% and benefits from higher conductivity,
thermal resistance and similar frictional properties to DLC,
but its wear resistance is inferior [20]. Therefore, it was con-
cluded that longer pulses, pico- and nanosecond, and higher
ranges were not suitable for patterning/structuring of DLC
films. At the same time, femtosecond laser processing has
emerged as a promising technology for a very controllable
generation of fine and precise structures, both at micron and
sub-micron scale with minimised thermal effects.

In this research, the effects of the femtosecond laser-pro-
cessing parameters in producing homogenous and uniform
LIPSS on DLC coating were investigated with a special
focus on their resulting properties. Especially, an LIPSS
treatment of steel substrates with DLC films was studied
as a one-step approach for producing functional and, at the
same time, durable surface structures/textures for replica-
tion masters.

2 Materials and methods

A thin DLC film was deposited on 2.5 mm-thick 316L stain-
less steel substrates by employing a plasma-assisted chemi-
cal vapour deposition (PACVD) to produce a coating with
2-5 pm thickness, 22 GPa hardness (equivalent of HV 2500)
and 0.05 pm surface roughness. The DLC film was irradi-
ated with a femtosecond ytterbium-doped fibre laser source
with the following technical characteristics: a near infrared
wavelength (A) of 1030 nm, pulse duration of 310 fs and
maximum pulse energy of 10 pJ. A linearly polarised laser
beam was focused with 100 mm telecentric lens on the sub-
strate surface to achieve a beam spot diameter (d;,) of 40 pm
at 1/e? of Gaussian profile intensity. A schematic scanning
strategy of an area is illustrated in Fig. 1. In particular, the
area was irradiated with trains of laser pulses with a fixed
hatch distance (%) between them of 3 um that resulted in
92.5% pulse overlap in the Y direction, while the pulse dis-
tance in the X direction was varied with scanning speed (v)
and frequency (f) and thus to control the LIPSS uniformity.
The pulse fluence was calculated as follows:

4P
=’ (1)

where P is the average power (W).

The effects of accumulated fluence (F, ) on the result-
ing LIPSS were investigated in this research by varying the
number of pulses per spot (pps) when structuring an area.

pps were calculated as follows:
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Fig.1 A schematic illustration of an area processed with multiple
pulse trains with pulses overlapping in X direction governed by scan-
ning speed (v) and frequency (f) and in Y direction, overlapping is
dependent on hatch offset (%) between the pulse trains

fed,

pps = @

However, Eq. 2 defines only pps along one pulse train.
However, for structuring an area multiple pulse trains/scan
lines are required with /4 offset between them. Hence, there
is a pulse overlap in the Y direction, too, especially when
h<dy, and then the total number of pulses per spot (pps;.1)
can be calculated as follows:
PPStotal = fi + % (3)

Thus, when multiple trains of pulses are required to pro-
cess an area, pps,., should be taken into account in calcu-
lating F,..

The topographies of the processed surfaces were ana-
lysed with atomic force microscope (AFM) and scanning
electron microscope (SEM) to study the LIPSS geometrical
characteristics and at the same time to detect any damage
to the DLC coating. The LIPSS periodicity was determined
by performing 2D fast Fourier transformation (2D FFT) of
the images while their uniformity was assessed visually,
where no non-processed areas or highly irregular ripples
were observed.

CoF and wear resistance of textured DLC films were
measured with a ball-on-plate tribometer at room tempera-
ture under dry condition. Linear reciprocating tests were
performed using an alumina ball of 8 mm diameter with
a hardness of approximately 16 GPa (HV 1600). The dis-
tance of the lines was 4 mm per cycle and the reciprocating

movements were executed with a speed of 2 mm/s. The load
applied on the DLC film was 150 g (1.47 N).

Raman spectra were recorded from 100 to 3200 cm™!
using a 633 nm laser source with a focused spot size of
approximately 2 pm. Axial and lateral resolutions were less
than 1 um and 0.25 um, respectively. The resulting spectra
were fitted with Lorentzian and Breit—-Wigner—Fano (BWF)
profiles for D and G peaks, respectively, with a linear base-
line correction for the background. The peak position and
the full width at half-maximum (FWHM) were calculated.

The DLC crystalline structure was analysed with glancing
angle X-ray diffraction (GAXRD) with a cobalt source at
an incident angle of 3 °. The penetration of the X-ray beam
was within the DLC film thickness and thus to detect easily
any long-range crystallisation into the laser-processed DLC.

The hardness of as-received and laser-processed DLC
films were measured by conducting a nanoindentation test.
An indenter with a tip radius of 50 nm was used ten times
on each sample by applying a load with a depth control of
400 nm. In this way, any periodic sub-micron structures pre-
sent on the surface were less likely to affect the hardness
measurements and also the indentation depth was within
the recommended less than 10% thickness of the coating.

3 Results and discussion
3.1 LIPSS optimisation
3.1.1 Single spotirradiation

Two types of LIPSS can be distinguished when their perio-
dicity (A) is considered, i.e. low spatial frequency LIPSS
(LSFL) and high spatial frequency LIPSS (HSFL). LSFL
has a A close to the laser source wavelength (A), while the
ripples are perpendicular to the beam polarisation vector.
On the other hand, HSFL has a A much smaller than A and
their orientation can be either parallel or perpendicular to
the beam polarisation vector [21].

Single spots were irradiated onto DLC with varied pro-
cessing settings, i.e. the number of pulses and fluence, to
study the LIPSS generation from their development onto
the surface.

Five representative SEM images of LIPSS evolution as a
result of the increasing pulse and accumulated fluence are
provided in Fig. 2. One pulse irradiation did not result in any
surface damage and only after 20 pulses (see Fig. 2a) HSFL
gradually appeared around the spot periphery with perio-
dicity of approximately 140 nm (~0.1A). At the same time,
LSFL generation was observed at the spot centre where the
intensity was much higher. A further increase of the number
of pulses to 50 led to the generation of straight and uniform
LSFL as depicted in Fig. 2¢c, while there was a fraction of
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Fig.2 Single spots irradiated with a fs laser source and varying pulse
numbers and fluence. Note: (1) the processing parameters, i.e. fre-
quency, pulse fluence, accumulated fluence and number of pulses,

HSFL around the spot edge. Such observation is caused by
the Gaussian distribution of the laser beam where the laser
energy decreases at the peripheral of the beam spot. As can
be seen in Fig. 2d, further increase of pulse fluence but same
number of pulses led to bigger area of uniform LSFL and
reduced fraction of HSFL. Hence, the threshold fluence for
HSFL generation is lower than that for LSFL [22]. On the
contrary, the same number of pulses but with a lower fluence
resulted in the formation of LSFL and HSFL across the spot
area (Fig. 2b). Ablation of the DLC film at the spot centre
can be observed at pps of 100, but also LSFL and HSFL
are visible around the spot edge together with some molten
material (see Fig. 2e). Thus, the LIPSS evolution from HSFL
to LSFL and the removal of the DLC film with the increase
of pulse number clearly show that an optimal accumulated
fluence, both pulse fluence and number of pulses above the
respective thresholds, is required for achieving a homog-
enous LIPSS generation. In this research, the focus is on
homogenous LSFL generation onto the DLC films (later
referred as LIPSS only) as they are commonly investigated
when LIPSS are employed to the functional response of
surfaces.

3.1.2 Large area structuring
An LIPSS treatment of replication masters with DLC films

is the focus of this research and therefore the process set-
tings should be optimised for large area structuring. Thus,
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used for the LIPSS generation are provided below the corresponding
SEM images; (2) the double arrow indicates the polarization direction

a processing window to achieve uniform LIPSS coverage
of large areas without damaging the DLC coating and any
excessive ablation are identified. The parameter domain
investigated has a fluence and pps of 58—130 mJ/cm? and
14 to 33, respectively, as shown in Fig. 3a. The scan lines’
offset, 4, was kept constant and thus pps,, resulted in a
range from 28 to 47. The uniformity of the resulting LIPSS
was assessed and any visible DLC damage was identified,
especially when the stainless steel substrate underneath was
revealed. It is worth noting that the use of process param-
eters outside the investigated parameter domain led to an
ablation of the coating or the generation of non-uniform
LIPSS over the processing area. The increase of fluence and
PPSora improves LIPSS uniformity. Therefore, the process-
ing window investigated in this research (see Fig. 3a) was
defined by taking both, uniformity of LIPSS and damage of
DLC, into consideration. The DLC characterisation work
was performed on three representative samples, i.e. S1, S2
and S3, chosen at the window boundaries or just outside
the tested parameters and one, S4, at its centre. The surface
topographies of the four samples are depicted in Fig. 3b with
their respective laser-processing parameters underneath the
images. It should be noted that fluence used for sample S3
of 66 mJ/cm? was selected to be close to the processing win-
dow, but not too similar to the laser intensity employed on
the other three samples.

Considering the results from the single pulse irradia-
tion (see Sect. 3.1.1), it can be stated that LIPSS produced
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Fig.3 The results obtained with large area structuring: a the effects
of pulses per spot (pps) and fluence levels on LIPSS uniformity
across the studied processing domain; b) SEM images of S1, S2, S3
and S4 samples (red squares in a)). Note: (1) the processing param-

with a multiple pulse trains over large areas are of simi-
lar characteristics where F, . used is marginally lower
than that applied for LIPSS generation with a single spot
irradiation. A close look at the LIPSS morphologies in

eters: F, F,.., pps and pps,,,, are provided below the correspond-
ing SEM images; (2) the double arrow (E) indicates the polarization
direction while the single arrow the scanning direction (v)

Fig. 3b suggests that HSFL are still present, but they are
more pronounced on S3. The used pps,,, and F for this
sample were the lowest and thus also F,, was the lowest,
resulting in ripples similar to those depicted in Fig. 2 1
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where LSFL were wavy and irregular. At the same time,
the LIPSS straightness on S1 and S4 is better, while HSFL.
are less visible due to higher F despite similar pps,,,;- S2
was produced with the highest process settings, i.e. F
and pps,y,, and thus F,.. was the highest, too. Therefore,
LIPSS were well defined but at the same time there were
some areas on the surface where the DLC film was much
thinner and with some initial signs of delamination were
present (not shown in Fig. 3b).

It was observed that the LIPSS periodicity achieved
with the optimised process setting was in the range of
700-800 nm (~0.7-0.8)\). This was lower than the com-
monly observed LIPSS periodicity range from 800 to
950 nm on steel substrates with the same laser wave-
length and could be partially attributed to the differences
between steel and DLC optical constants, in particular
refractive index and extinction coefficient. The height of
the produced ripples was 200 nm on average and was con-
sistently obtained across the studied processing domain.

3.2 Characterisation
3.2.1 Raman spectroscopy

Laser-treated and as-received DLC samples were analysed
employing Raman spectroscopy that is considered a reli-
able way to obtain structural information and also to judge
about the quality of carbon materials. The DLC-specific
spectrum shown in Fig. 4 consists of two sp>-carbon char-
acteristic modes: D (‘disorder’—‘ring’ type bond) and G
(‘graphite’—both ‘ring’ and ‘chain’ types) with positions of
1268 cm~! and 1509 cm™!, respectively. The ratio between
D and G peak, i.e. I(D)/I(G), can be used as an indication of
the fraction of graphite-like (sp? aromatic rings) domains in
a DLC thin film. Fitting results are provided in Table 1. The
D and G peak positions differ from the ones reported usually
as 1355 cm™! and 1550 cm™' due to a higher Raman laser
wavelength used in this study, which causes the peaks shift
towards lower wavenumbers [3]. The spectrum is dominated
by the sp” sites up to 230 times more when compared to
sp? due to higher polarisability of = states, typical for this

Fig. 4 Raman spectra of as- ‘ ‘

received DLC and its decon- As-received spectrum
volution: linear background - — ~Background

together with Lorentzian and
Breit—-Wigner—Fano fitting lines
for D and G peaks, respectively

G + D + Background
D + Background
G + Background

— — —D peak fitting (type: Lorentzian)
- — —G peak fitting (type: BWF)

Intensity, a.u.

1000 1100 1200 1300 1400 1500 1600 1700
Raman shift, em’!

Table 1 Results of G and D peaks’ fitting for as-received and laser-textured DLC samples

Sample G position, cm™! G FWHM, cm™! D position, cm™! D FWHM, cm™" I(D)/I(G) Fitting error, %
S1 1590+3 136+42 1340+6 294 +37 1.06 3.35

S2 1591+5 132+45 1338+5 294 +46 1.12 2.95

S3 1587+ 11 135+136 1335+7 293 +89 1.23 291

S4 1590+ 6 133 +38 1335+6 298 +67 1.16 2.30

As received 1509 +3 286+8 1268 +11 330+49 0.20 1.26
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type of bonding [3]. The position of G peak is at 1570 cm™!
and intensity I(D)/I(G) ratio is close to 0 (for Raman data
at 514 nm) in case of ideal ta-C DLC coatings with high
fraction of sp> bonds (above 70%) [1]. It was reported for
laser patterned DLC with ns laser pulses that the G position
shifted to higher wavenumbers, while D intensity increased
with the increase of fluence, and this indicated a progressive
laser-induced graphitisation of the amorphous DLC [23, 24].
After the femtosecond laser treatment of four samples, the
spectra of which are shown in Fig. 5, it is visible that the G
peak shifted to 1590 cm™'. The intensity ratio of two peaks
I(D)/I(G) increased from 0.2 on the as-received DLC to
above 1.0 for the laser-patterned surface. Even though these
changes in spectra could indicate an induced graphitisation
of the thin film, there are no substantial changes between
the four laser-structured samples that have been produced
with different laser processing parameters. This might be
because the ultrashort pulsed laser processing did not intro-
duce any heating into the material and/or the differences
in laser-processing parameters between the samples were
minor. Raman spectra were also obtained on the samples
produced with a lower number of pps and higher fluence,
and still there were no further shifts in the peaks or intensi-
ties. The similar spectra suggest that the increase of fluence
did not initiate further changes in the DLC short ordering.
The interaction between ultrashort pulses and carbon
phases should be properly explained to further understand
the resulting change in Raman spectra. Studies reported
that fs laser pulses induced non-equilibrium transition of

Fig.5 Raman spectra of four fs

sp> to sp? bonds [25]. Additionally, simulations revealed
that a layer-by-layer graphitisation could occur within
the optical depth of diamond absorption [26], whereas
for longer pulses graphitisation would propagate into the
bulk due to heat dissipation and thus temperatures above
the graphitisation threshold could be reached [19]. The
thickness of such graphitised layers would be dependent
on pulse numbers and fluence with a depth limitation of
hundreds of nanometres (up to 200 nm). In addition, it was
reported that the resulting Raman spectra of DLC pro-
cessed with ns and fs pulses did not differ significantly,
though it was stated that their graphitised layers led to
structural distinctions [27]. Other researchers suggested
that fs laser-processed DLC would be modified into glassy
carbon (GC), a form of carbon with 100% sp? and sp*
content close to 0% with a hardness of 3 GPa [3], but with
similar D and G peak position [28]. A further increase of
processing fluence would lead to Raman results similar to
the spectra of superimposed GC, DLC and carbonaceous
materials [29]. However, the penetration depth of Raman
laser sources can be higher than modified layers and thus
the laser can excite not only the modified layers, but also
non-modified DLC.

Overall, it can be stated that fs laser processing did not
trigger significant changes in the bulk DLC structure and
only a thin laser-modified surface layer was graphitised.
However, the LIPSS amplitude is of similar scale and
therefore this fact cannot be neglected. Additionally,
mechanical properties of such graphitised layers are quite
different and inferior when compared to as-received DLC.
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3.2.2 Glancing angle X-ray diffraction

A further analysis was conducted with GAXRD to inves-
tigate the resulting structural changes in the laser-treated
DLC. The results obtained on as-received and laser-modified
DLC are shown in Fig. 6. Samples S2 and S3 were cho-
sen for this additional analysis, as the laser settings used
in their processing were the most distinct (see Fig. 3). It
was confirmed that the first and third peaks visible in Fig. 6
come from the austenite in the substrate, i.e. the steel plates
that were coated with DLC. The second small peak could
be attributed to either ferrite within the austenitic stainless
steel or chromium coming from the buffer layer between
the DLC and steel substrate as they have similar crystal
structures. The difference in intensities or the small shifts
could be explained with some misalignment on the surface
level during the measurements that were more pronounced
in GAXRD. No graphite crystallisation was detected by this
GAXRD measurement implying the absence of DLC crystal-
lisation or crystallite size changes after laser processing were
too small to detect by X-ray. In addition, if the laser modified
layer thickness is less than 200 nm (see Sect. 3.2.1), any
signal coming from such a thin layer could be too weak to
detect. If any substantial graphite crystallisation at micro- or
nanoscale was present, a broad peak would have appeared at
approximately 26° or 50° [30].

3.2.3 Nanoindentation

It is not easy to assess the actual hardness of LIPSS onto the
DLC films due to the ripples influence on the surface and
also the relatively soft substrate material. The results from
the nanoindentation measurements are summarised in Fig. 7

Fig.6 GAXRD spectra of DLC
coatings on as-received and S2
and S3 samples after fs laser .

where a distinct hardness reduction of DLC coating can be
seen after the fs laser processing. The hardness has been
reduced from 22 GPa to approximately 9 GPa for sample
S3, even though low fluence and less pps have been used.
These changes could be attributed mostly to the modifica-
tions in the DLC thin layer after the fs laser processing and
to a lesser extent to the presence of LIPSS (see Sect. 3.2.1).
Another evidence for this effect is that the further increase
of fluence and pps led to even bigger hardness reduction of
approximately 4 GPa on sample S2. For comparison, the
hardness of the substrate is normally around 2.5 GPa. All
these suggest that the DLC film is sensitive to the used laser-
processing parameters and even small changes can lead to
substantial deviations of resulting nanohardness. The other
reason for the distinct hardness reduction could be the wavy
profile of LIPSS on the surface that could affect the indenta-
tion contact and thus the obtained hardness values.

3.2.4 Ball-on-plate tests

The results from the CoF measurements on fs laser-pro-
cessed and as-received DLC after 100 ball-on-plate cycles
are provided in Fig. 8. It can be seen that up to 50 cycles,
there were no visible changes in the friction properties
between as-received and laser-processed samples. However,
a slight CoF increase on processed samples was observed
after 50 cycles. This can be explained by the increased con-
tact area between the ball and the LIPSS-treated plates as
depicted in Fig. 9. All four fs laser-treated samples did not
demonstrate significant CoF differences with the increase of
the ball-on-plate cycles, in spite of the exhibited changes in
their mechanical properties, e.g. their hardness. Taking into
account the presence of the thin modified layer discussed in

a-Fe
v

processing

Intensity, a.u.

y-Fe v y-Fe

S3

S2

As-received
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Fig. 7 Nanoindentation results 25 T
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Fig.8 Measured CoF for 100 cycles for as received and laser patterned DLC samples with reciprocating direction perpendicular (a) and parallel

(b) to LIPSS

Sect. 3.2.1 that is structurally similar to GC, these results
are expected because of the comparable tribological perfor-
mance of both materials. In particular, it was reported that
GC had CoF of around 0.2 when alumina balls were used in
the tests [31], while a mean CoF value of 0.12 was obtained
in this research on as-received DLC. Interestingly, the same
CoF trends were observed during reciprocating tests per-
formed perpendicular and parallel to LIPSS, as can be seen
in Fig. 8a,b. In addition, the wear tracks had similar widths,
too, and thus the orientation of periodic structures did not
influence the CoF measurements, but mostly the contact of
the laser-modified DLC with the ball.

After examining the wear track with the focus variation
microscope, the track did not have any noticeable depth
at macroscale or the material removal was too small to
detect. Additional AFM measurements were conducted that
revealed smudged LIPSS and the surface looked like hav-
ing been polished as depicted in Figs. 9 and 10. Further
EDS inspections did not detect any alumina traces in the
wear track and thus to suggest that any debris came from
the modified DLC. Apparently, the graphitised layer filled
the valleys of the ripples during the ball reciprocating move-
ments and as a result the LIPSS profiles became shallower
(Fig. 10). This cannot be considered unexpected, as at this
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20.0kV

Fig. 10 AFM measurements: a Qaﬂ B
sample S3 after 100 reciprocat- B2

ing cycles parallel to LIPSS \ ! } M

with an Alumina ball; b the
LIPSS profile along the white i
line in (a) Note: the measure- t 'U :
ment was taken in the middle of | i
the wear track ‘
»

point the surface hardness was already lower than that of
the alumina ball.

The four samples were not investigated further, because
only the friction behaviour rather than long-term wear per-
formance was of interest in this study. It is worth mention-
ing that maximum Hertzian contact pressure calculated as
alumina ball with flat DLC as a counterpart was around
620 MPa in this tests [32]. It is six to three times more than
the contact/holding pressure in injection moulding processes
[33]. Additionally, it can be stated that the measured CoF
increase of 0.05 over the fs laser-processed DLC should not
make this surface treatment as not appropriate for produc-
ing replication masters, but some additional micro-tribology
tests with tips smaller than nanostructures should be per-
formed to validate this further.
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4 Conclusions

The effects of fs laser processing of DLC, especially on its
properties, were investigated in this research as a potential
treatment for replication masters. It was demonstrated that
highly uniform LIPSS can be generated on thin DLC films
without any delamination when optimised process settings
are used, i.e. pulse numbers and fluence. The effects of this
fs laser treatment were studied on representative DLC-
coated samples and the following conclusions were made:

e Raman spectroscopy indicated that fs laser processing
led to the formation of a thin graphitised surface layer
that had changed properties to as-received DLC and
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could explain the reduced hardness of fs laser-treated
DLC samples.

e GAXRD showed that there were no appreciable
changes in the DLC long-range ordering as a result of
the fs laser processing, confirming that the change in
crystallisation status, if any, should only occur within
the thin laser-modified layer.

e The hardness of fs laser-treated DLC samples was
dependent on the used laser processing settings, i.e. it
decreased with the increase of pulse number and flu-
ence, and overall it was significantly reduced after the
fs laser treatment.

e Fslaser processing of DLC had only a marginal effect
on CoF. However, even a small number of reciprocating
cycles with an alumina ball led to flattening of sub-
micron ripples on the fs laser-treated DLC samples.

Based on the findings of this research, the fs laser treat-
ment of DLC coatings can be considered suitable and also
advantageous for producing replication masters because
of its lubricating properties and hardness that is still three
times higher than the substrate material, i.e. stainless steel.
Most of the DLC attractive properties can be retained,
especially the relatively low CoF values and hence the
low adhesive nature of DLC coatings even after their fs
laser treatment. Thus, it can be stated that fs laser struc-
turing/texturing of DLC coatings applied on replication
masters is beneficial, as treated surfaces can be function-
alised with sub-micron structures, i.e. LIPSS, while their
improved wear resistance and demoulding performance
are preserved. This enables manufacturing of masters that
benefit both from the advantageous properties of the coat-
ings and also from the added functionality of sub-micron
structures/textures.
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