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ABSTRACT. The presented research combines laser micromachining technology (LST, Laser Surface
Texturing) using an ultra-short femtosecond laser beam and PVD deposition of thin layers using
magnetron sputtering. This combination has multiple benefits. It provides uniform and highly adhesive
coatings with improved tribological properties. By optimising the deposition parameters when applying
a thin layer of TiN, an improvement in the tribological properties of the tool steel surface and the
laser micromachining (LST) surface can be achieved. On the laser-modified and coated surface with
Ellipses-texture, the wear reduction was almost 19 % compared to the reference texture. The TiN
coating exhibited very good adhesion to the substrate with critical force values of Log greater than
45N and a nano hardness value of 26.5 GPa. The adhesion of the TiN coating to the laser-affected
substrate, as well as the resistance of the coating to damage, was high. Damage primarily occurred on
the original polished surface around the edges of the machined textures, where stresses are likely to
concentrate.
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1. INTRODUCTION

Surface integrity refers to a surface’s inherent or en-
hanced condition resulting from machining or other
surface-generating operations. Wear, abrasion, and
tribology behaviour are common issues associated with
this [I]. Changing the surface topography can effec-
tively improve tribological behaviour. In dry sliding
conditions, the primary effect is removing or trapping
wear debris or particles from the contact. When lu-
brication is present, the micro-texture can function as
a reservoir for liquid lubricants, effectively delivering
the lubricant between the sliding surfaces and causing
positive changes in friction and wear [2] [3].

Using LST (laser micromachining), surface topogra-
phy or microstructures on large parts can be prepared.
Laser surface texturing (LST) replaces traditional
techniques like surface extrusion or blasting. Laser
systems can be tailored to accommodate various ma-
terials and specific application needs. LST presents
a promising process due to its rapid speed, eco-friendly
nature, and ability to precisely manipulate the shape
and size of micro-dimples [4]. Femtosecond lasers are
now widely utilised for their precise ability to mod-
ify material surfaces with minimal thermal impact.
The textured surface of tools created with these lasers
showed improved coating retention during turning ex-
periments, ultimately extending the lifespan. However,
the substrate also plays a significant role [5].
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Applying PVD coatings to the surface of conven-
tional machining tools enhances their wear resistance,
leading to improved cutting efficiency and higher pro-
cessing quality. Due to the different ways the coatings
bond with the substrate, their thermal expansion co-
efficients, and their wetting properties, PVD-coated
tools often experience problems with insufficient ad-
hesion of the coating. To fully benefit from PVD
coatings, ensuring strong adhesion between the coat-
ings and the substrate is important. The adhesive
strength between the coatings and the substrate is
influenced by factors such as the chemical bonding
properties at the coatings-substrate interfaces, specific
surface area, topography, and substrate surface en-
ergy [6,[7]. In general, several methods have been used
to enhance adhesion at the substrate-coating interface.
These methods include substrate pre-treatment, in-
termediate layers, multilayer coatings, and functional
layers [7]. However, applying the adhesive interlayer
necessitates strict equipment conditions [6]. Making
the surface rougher can help improve the adhesion of
PVD coatings because it enhances the mechanical in-
terlocking between the coatings and the substrate [4].

In the area of PVD tool coatings, there is a ris-
ing interest in enhancing coating adhesion through
LST of the substrate surface. This process aims to
increase the contact area between coatings and the
substrate, thereby improving mechanical anchoring
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at the interface [6]. Studies have demonstrated that
laser treatment is more effective than abrasive flow
machining for enhancing coating adhesion [8]. Also,
in [7], they discovered that LST led to enhanced ad-
hesion of PVD coatings compared to the traditional
cleaning method of grit blasting.

Hard coatings like TiN, TiCN, and TiAIN are com-
monly used in the metal-mechanics industry to en-
hance the properties of machine parts and cutting
tools. TiN is widely used as a coating due to its high
hardness and chemical stability. Ti-based coatings
have been shown to reduce the wear of basic material
by approximately four times [I]. The effect of us-
ing laser processing to create surface textures on sub-
strates and how it impacts the interfacial properties of
PVD tool coatings, particularly the physical-chemical
bonding interfaces, still needs to be clarified.

This work aims to explore the possibility of improv-
ing tribological properties in dry sliding conditions
(economically and environmentally advantageous) by
combining surface LST texturing and hard TiN coat-
ing. Magnetron sputtering is an effective method for
enhancing material surface properties by creating uni-
form thin layers that adhere well to the base material.
The combination of laser structuring and magnetron
sputtering is expected to enhance the material’s useful
properties while preserving its integrity.

2. MATERIALS AND METHODS

The substrate samples were made of tool steel EN ISO
HS6-5-2C. Tool steel discs with diameters of 220 mm
X 5bmm were used as a substrate. Their nominal
composition is as follows (in wt.%): 0.9 C; 0.31 Mn;
0.34 Si; 0.026 P; 0.0005S; 4.43 Cr; 4.78 Mo; 5.93 W;
1.79V; and 0.65 Co. The discs were hardened to 64-
65 HRC and polished to a roughness (Sa) of 0.01 pm.

The samples’ surfaces were modified using short-
pulse femtosecond lasers through the Laser Surface
Texturing (LST) method at the CIIRC at CTU. Tex-
tures of various shapes, including pits (Pit), hexagons
(Hex), ellipses with a depression (Eli-), ellipses with
a protrusion (Eli+), and pyramids (Pyr), were pro-
duced on the tool steel samples. The depth of the
texture is approximately 10 pm for all samples.

A thin layer of TiN was deposited on the laser-
modified surfaces using magnetron reactive sputtering
technology. Two different recipes (B21 and B22) were
utilised to prepare the thin coating to achieve optimal
deposition parameters of the coating (see below).

The coating thickness (D) is determined using
a Calotest method, which involves a 30 mm steel ball
and 0.1 mm monocrystalline diamond grains in dia-
mond paste. The average value of the thickness of the
thin films was calculated from three measurements on
the surface of each coating.

The local chemical analysis of the coatings was
carried out using a Zeiss Ultra Plus scanning elec-
tron microscope equipped with an Oxford X-Max 20
energy dispersive spectrometer. The analyses were

conducted at an accelerating voltage of 10kV and
a current of 1.6 nA, with a working distance from the
sample surface of 8 mm and pulse pile-up correction.

The surface morphology was estimated using a SEN-
SOFAR S Neox confocal microscope. The scanned
surface area of the samples was 850 x 709 pm. The
average value of the surface roughness of the thin
films was calculated from the five measurement on
the surface of each coating.

Nanohardness is measured using a Berkovich dia-
mond indenter prism on CSM Instruments equipment.
The maximum penetration depth is limited to 10 % of
the coating thickness. The values of nanohardness and
elastic modulus of the thin layers were obtained from
nanoindentation, with 25 indentations performed on
each sample. Subsequently, the plasticity index (H/E)
and the material’s resistance to plastic deformation
(H?/E?) are calculated from the measured values.

The adhesion and toughness of the coatings are
evaluated using a micro-scratch test technique, us-
ing a Rockwell diamond indenter with a 200 pm tip
radius to create scratch adhesion tracks. The evalua-
tion involved gradually increasing the tip load from
2 to 60N while simultaneously moving the sample
linearly in a perpendicular plane to the indenter. The
tracks are then analysed using an optical microscope.
Three measurements were taken at different places,
and the average values of the measured critical loads
(L¢, Load Critical) were calculated. The major failure
events have been classified in terms of plastic defor-
mation, cracking (L¢q), spallation (where the coating
flakes off, typically at the edges) (L¢2), and penetra-
tion of the coating to the substrate at the track centre
(Les), see EN 1071-3:2005 [9]. The critical load Ley
is the point on the graph where the coating’s first
crack (cohesive failure) is observed. L¢s is the point
on the graph where the damage becomes continuous,
leading to complete coating delamination. This is
accompanied by a sharp increase in the coefficient of
friction (CoF). Leg represents the force at which 50 %
of the coating is damaged; Lco has not been evalu-
ated. The average value of thin film adhesion was
calculated from three measurements on the surface of
each coating.

The tribological measurements were conducted us-
ing a TRB? tribometer from Anton Paar under dry
sliding conditions. The measurements were taken at
room temperature (RT) following the ASTM G99
standard. The parameters of the tribological exper-
iment were as follows: Ball-on-Disc method, 10N
load, counter-body diameter of 3 mm, track radius on
the disc of 3mm, 120rpm, and a total track length
of 100 m. The counter-body used was a ceramic ball
made of Al;O3, with a hardness of 2100 HV and a den-
sity of 3860 gcm™3. Tribological measurement was
performed once on the surface of each sample. The
surface wear of the friction pairs was assessed using
a confocal microscope to measure the depth and width
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Recipe D d H H E* H/E H3/E?
[am] [nm]  [GPa] [HV] [GPa] ]
REF19 + B21 0.8 81 30.2 +54 2794 +£501 401.2 +23.2 0.075 0.171
REF19 + B22 0.9 93 26.5 + 2.3 2458 +£ 211 379.0 + 22.9 0.070 0.130
TABLE 1. Mechanical properties of TiN thin layers.
of the wear of the tribological track at a distance of Recipe Lo Lcs
90° axially. [N] [N]
REF19 + B21/1 7.6 +0.9 31.2+1.6

3. RESULTS AND DISCUSSION

3.1. MAGNETRON DEPOSITION OF THIN LAYER

A thin layer of titanium nitride (TiN) was selected
to modify the surface of the tool steels. Initially,
the deposition parameters of the magnetron reactive
sputtering process needed optimisation. The chemical
composition of the coating during deposition is mainly
influenced by the parameters of the working pressure,
flow rates, gas ratios, and the pulse source’s power.
Parameters of deposition of TiN thin layers: after
reaching a primary vacuum of 8 x 10~ Pa, the sub-
strate was pre-cleaned in an argon plasma at a working
pressure of 3Pa or Ar gas flow 6.5sccm and power
1kW for 40 min. Then an adhesive intermediate layer
of pure titanium was sputtered at a working pressure
of 0.3 Pa or with an Ar flow of 46 sccm and a source
power of 1.5 kW for 5min. A circular target with
a diameter of 77 mm with a Ti purity of 99.99 % was
placed on the cathode. Reactive sputtering of TiN
was carried out with an Ar:N flow rate of 8:1sccm at
a voltage range of 1000V for B21 and 1500V for B22
for 1 and 3 h.

The thickness of the thin coating can affect the mag-
nitude of the residual stress generated in the structure.
Therefore, the reaction time of the TiN process has
been optimised to a range of one, two, and three hours.
The measured coating thicknesses for the B21 recipe
are as follows: 2.6pm, 1.7pm, and 0.8 pm for a 3-
hour, 2-hour and 1-hour deposition, respectively. For
the B22 recipe, the coating thicknesses are: 3.5 um,
1.8 pum, and 0.9pum for 3-hour, 2-hour, and 1-hour
depositions, respectively.

The optimal deposition process for the TiN coating
on LST was chosen for deposition times of 1 (labelled
B21/1 and B22/1) and 3 hours (labelled B21/3 and
B22/3) using formulations B21 and B22. The recipes
B21 and B22 used for depositing the TiN coating
showed, based on EDX chemical composition analysis,
a stoichiometry (ratio of Ti and N) in the equilibrium
atomic ratio. The criteria for choosing the optimal
thin coating application process were achieving good
mechanical properties of the coatings, i.e. achiev-
ing good adhesion, nano-hardness and reducing layer
wear.
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REF19 + B21/3 8.5 £ 0.5
REF19 + B22 8.2+ 0.5

404 £ 1.9
498 £ 1.7

TABLE 2. Evaluation of adhesion critical forces of TiN
thin layers.

Sample Disc wear CoF
Recipe width depth N
[1m] [1m] [l
REF19 3882 +44 3.74+0.2 0.55+0.06
REF19 + B21/1 1198 £214 0.2 +0.0 0.23 &+ 0.04
REF19 + B21/3 1192 +41 0.1 +£0.0 0.23 £ 0.05
REF19 + B22 1122 + 2.7 0.1 £0.0 0.22 £ 0.02

TABLE 3. Results of tribological analysis of TiN thin
layers.

3.2. MECHANICAL PROPERTIES OF THIN
COATINGS, EVALUATION AND SELECTION
OF DEPOSITION PARAMETERS

In the tables, the reference polished tool steel is la-
belled as REF19. The results of the nanoindentation
of thin coatings were statistically processed; the av-
erage values with standard deviation are presented
in Table |1} denoted as follows: coating thickness (D),
indentation depth (d), nanohardness (H), Young’s
modulus of elasticity (E), plasticity index (H/FE), and
material resistance to plastic deformation (H3/E?).
Table [2] shows the measured values of the critical
forces Loy and Les, providing information about the
coatings’ adhesion to the substrate as evaluated by
the scratch test method. Table Bl shows the results of
the tribological properties of the modified surfaces.

3.3. MICROSCOPY AND IMAGE ANALYSIS OF
LASER-TEXTURED THIN-LAYER SURFACES

Confocal microscopy (Figure [1) was utilised to assess
surface morphology and roughness. Image analysis
was conducted using Matlab software (The Math-
Works, Inc.). An automated program code was em-
ployed to determine the machined area, the perimeter
of the detected object, as well as the length, width,
and aspect ratio of the object (results shown in Ta-
ble .

For the “Pit” pattern, the length is approximately
1.25 times longer than the width, with a machined area
of up to 20 %. For Eli—, the length is approximately
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FicURrE 1. Confocal microscopy of the surface REF19 samples with surface texture type: Pits, Ellipse-, Ellipse+,
Hexagon, Pyramids. Images are depicted on a height scale, with blue representing valleys and red colour representing
peaks.

LST structure LST area LST area Perimeter Length Width Aspect ratio
[7%] [1m?] [nm] [um] [1m] (-]

Pit 199 + 1.1 735.5 + 41.9 102 +£3.8 342+15 272413 1.26 + 0.07

Eli—- 445+ 1.0 320824+ 1028 791 + 8.8 331+29 123.5+£32 2.68+0.06

Eli+ 69.8 £4.2 21099 + 389 669 + 6.2 286 £3.7 934+13 3.09 £ 0.06

Hex 43.6 +10.3 9745 £ 2917 369 £ 95.4 107 £ 26.9 99.3 + 254 1.12 + 0.11

Pyr 71.9 + 10.0 3995 + 646 243 + 284 73.7+81 64.5+6.9 1.18 + 0.10

TABLE 4. Results of evaluation of object parameters in the image using image analysis.

(B).

FIGURE 2. SEM image of a) ablation trace “LIPSS- Laser Induced Periodic Surface Structure” (mag. 7000X) and b)
metallographic cut of Pit texture with B21/3 coating (mag. 2500X).

2.7 times longer than the width, with a machined
area of up to 45 %. For Eli+, the length of the tex-
ture is approximately 3 times longer than the width,
with a machined area of up to 70 %. The Hex and
Pyr textures are almost symmetrical, with an aspect
ratio parameter close to 1 and a machined area of
approximately 44 % and 72 %, respectively.

An SEM was used to capture images to analyse the
morphology of the ablation trace and thin layer (Fig-
ure[2)). The EDS method was utilised to determine the
chemical composition of the thin layers. To observe
the uniformity of the thin layers in conjunction with
LST modification, metallographic slices were prepared
by cutting the sample.

Even though the results on the surface of the tool
steel with the B21 (REF19 + B21) recipe showed
favourable tribological properties (Table , the coat-
ings on LST samples exhibited delamination (Figure
, possibly caused by high residual stresses. As a re-
sult of this issue, the TiN coating deposition recipes
were further optimised.

3.4. TRIBOLOGICAL PROPERTIES OF THIN
LAYERS DEPOSITED ON LLASER SURFACE
TEXTURING SURFACES

The tribological analysis of thin layers deposited on
Laser Surface Texturing surfaces revealed a low coeffi-
cient of friction compared to reference sample REF19
(Table . At the same time, an increase in the wear
depth of the material was observed. Of all the tex-
tures examined, only the Pit texture showed lower
wear than REF19, even though there was an increase
in CoF (Table[5). In an experiment that combined
LST and PVD technologies, all LST samples were
coated with a thin layer of TiN following the B21/3
recipe. While the tribology results for the tool steel
surface REF19 + B21 recipe showed favourable tribo-
logical properties (refer to Table , the coatings on
the LST specimens exhibited delamination, likely due
to high residual stress.

Confocal and electron microscope images confirm
the occurrence of delamination along the edges of the
LST texture. High residual stress along these edges is
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Sample Disc wear CoF
LST structure width depth n
[1m] [m] [-]
REF19 3882 +44 37402 0.554+0.06
Pit 3195+49 25401 0.6240.03
Eli—- 382.0 £ 5.4 39+0.2 0.48 +£0.03
Eli+ 491.1 £ 31.3 122+ 1.0 0.46 £ 0.03
Hex 362.1 £59 434+01 047 +0.02
Pyr 4484 +£26.3 93 +04 0.58 +£0.03

TABLE 5. Wear and friction coefficient of tool steel with LST modification without coating.

Sample Disc wear CoF
LST structure 4+ Recipe width depth n
[um] [m] [-]
Pit + B21/3 3512 +£98 4.6+0.1 0.57 + 0.06
Hex + B21/3 4009 + 16.1 594+ 0.1 0.61 & 0.03
Eli- 4+ B21/3 465.3 £9.3 5.0+0.2 0.56 £ 0.04
Pyr + B21/3 528.1 £6.8 73+£03 0.57£0.06
Eli+ + B21/3 432.1 £21.0 10.7£04 0.55 £ 0.06
Eli+ + B21/1 430.9 £239 96 +04 042 +£0.04
Eli- + B22/1 321.8 £48.1 3.2+ 0.3 0.46 £+ 0.04

TABLE 6. Wear and friction coefficients of LST samples coated with PVD thin layers.

the likely cause of the delamination. (Figure [2bland
similarly in [I0]). There was a need to further optimise
the recipes used for applying the TiN coating in two
ways: a) by reducing the coating thickness (REF19
+ B21) and b) by using different recipes (REF19 +
B22). Table [f] shows the tribological behaviour of the
LST specimens combined with the thin layers. They
show a reduction in wear compared to the condition
of the base material and the original recipe B21/3.

On the coated and laser-treated surface with Eli
texture and thin layer (formulation B22), wear was
reduced by almost 19 % compared to Eli texture on
the base material. However, damage to the coating
was observed during the tribological test. The TiN
coating exhibited good adhesion to the substrate, with
critical force values of Lgs greater than 45N and
a nanohardness value of 26.5 GPa.

The wear reduction on the surface of Eli4+ and Pyr
samples was achieved despite defects on the surface
of the B21/3 recipe. These samples demonstrated
a reduction of wear of approximately 12 % and 21 %
(on the coating with reduced thickness Eli+ with B21
thin layer, a 21 % reduction in wear was observed)
compared to the textures on the base material. Tex-
tures Eli+ and Pyr have a more exposed surface and
a larger laser-machined area, respectively, compared
to the other textures (Table [4)). Also, in [5], the LST
applied on a larger fraction area of tool steel surface
positively affected decreasing the coefficient of friction.

The TiN coating has strong adhesion to the laser-
machined surface and is highly resistant to damage.
The damage mainly occurs on the original polished
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surface around the edges of the machined textures,
where stresses are likely to be concentrated. The sig-
nificant increase in surface damage of 27 %, 36 %, and
84 % for the Eli-, Hex, and Pit textured surfaces with
the B21/3 coating, compared to the textures on the
base material, was likely caused by the combination of
higher-thickness coatings (which are brittle and hard,
about 30 GPa) with high internal stress.

4. CONCLUSION

By optimising the deposition parameters and applying
a thin layer of TiN, a significant improvement in the
mechanical and tribological properties of the surface of
the tool steel and other surfaces that were processed by
laser micromachining technology (LST) was achieved.

In accordance with the B22 recipe, applying a TiN
coating on the tool steel increased damage resistance
on the polished surface by over 31 times in terms of
depth compared to the reference surface. Additionally,
the friction coefficient was reduced by more than half
(by approximately 60 %).

The wear on the laser-modified surface coated with
Eli— texture was reduced by almost 19 % compared to
the reference texture despite the coating being dam-
aged during the tribological test. The TiN coating also
exhibited good adhesion to the substrate, with L¢3
critical force values exceeding 45N and a nanohard-
ness value of 26.5 GPa.
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