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Abstract: Surface texturing is used in many applications to control the friction and wear behaviour of
mechanical components. The benefits of texture design on the tribological behaviour of conformal
surfaces are well known. However, there is a big dependency between the geometrical features of
the texture and the texture’s performance. In this paper, the effect of laser texturing parameters on
textured geometrical features is studied, as well as its role in the tribological behaviour of AISI 630
steel under lubrication and high-contact pressure conditions. The results show a linear impact of the
energy density on the surface quality, whereas the scanning speed influences the homogeneity of
the sample. Nevertheless, the surface integrity is also affected by the laser parameters, reducing the
micro-hardness on the textured area by up to 33%. Friction coefficient average values and stability
presented high variations depending on the sample parameters. Finally, the wear mechanisms were
analysed, detecting abrasion for the disc and adhesion for the pin.

Keywords: LST; AISI 630; tribology; wear; lubricated conditions

1. Introduction

Friction and wear are very complex phenomena due to their dependency on micro-
geometrical aspects of the surface. Studied since the 18th century, the first attempt to
establish friction models resulted in the three classical laws of friction, developed by
Amontons and Coulomb [1,2]. In the middle of the 20th century, Bowden and Tabor
developed a new model of friction, which states that friction and wear origins are the
result of interaction between the surface’s asperities [3–5]. Currently, nanoscale and atomic
interaction are also considered to characterize and create friction models [6–8].

Friction and wear behavior are highly related to the surfaces of the contact pair. These
surfaces can be designed according to their future application. In fact, high-roughness
surface designs can be useful for the reduction in friction as well as its increase. In this field,
textured surfaces are presented as a suitable solution for friction behavior modification.

Textured surfaces have different behaviors compared with smooth surfaces. The
textures reduce the contact area, allowing abrasive particles (from the environment or from
wear debris) to become trapped. Similarly, they can act as lubricant reservoirs, improving
the load-carrying capacity of the lubricant film due to a cavitation lift force [9–14]. However,
texturing decreases the fatigue life of the textured components [15].

In the surface modification field, Laser Surface Texturing (LST) is a technique that
has increased in popularity over the last few years. It consists of engraving by machining
a pattern on the surface using a laser beam. It has been employed in many mechanical
components, such hydrodynamic bearings, mechanical seals, piston rings, cylinders, and
cutting-tools, etc. [9,16,17].
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LST has many advantages compared with other texturing techniques, such as EBM [18],
milling [19], EDM [20], ECM [21] or the geometrical features that can be achieved through
additive manufacturing processes [22]. Laser machining is flexible, fast, precise, and
reliable. Unlike conventional machining processes, it does not require cutting fluids,
and no expendable material is necessary. Thus, LST can be considered as a sustainable
manufacturing process, whose only disadvantage is the requirement of a high initial
investment [23–26].

LST has been widely employed on the tribological optimization of conformal surfaces
under lubrication [27,28]. The characteristics of such surfaces favor the development of
a hydrodynamic lubrication regime due to the lower contact pressures [29].

Many authors have researched the influence of the micro-geometrical properties of the
textured surface. Dimple-shaped textures, without sharp corners in the sliding direction,
have been reported as good choices for reducing the friction coefficient of both hydrody-
namic and boundary lubrications [30–32]. The density of the textures plays a crucial role.
In high-density textures, the contact area decreases and the friction coefficient and wear
increase, as a result of the dispersion of the fluid film. However, high-density textures trap
more abrasive particles and store more lubricant, so an optimal texture density (depending
on contact, sliding, and materials properties) can be found [33–36].

The size and depth of textures have also been studied. Deep textures lead to the
formation of a vortex inside them, diminishing the film thickness and their load-carrying
capacity. However, deep textures can store more abrasive particles. A very shallow texture
pattern diminishes the overall effect of the textures [37–40], whereas deep textures lead to
an increase in the stick–slip phenomenon, due to a decrease in the surface stiffness [41].
Thus, deep textures favor the stick–slip phenomenon, characterized by an oscillation of
the friction coefficient between static and dynamic values in the steady-state regime [3].
Therefore, optimal texture size and depth depend on different factors, such as material,
lubricant, and contact properties.

Additionally, the behavior of non-conformal contacts (bearing geometries that fail
to conform to one another, i.e., ball and rolling elements in bearings, cams, and gears) is
different from that of conformal contacts (bearing geometries that have a high degree of
conformity, i.e., where one surface fits relatively snugly into the other). It has been reported
that textures may act as a barrier to sliding if the contact area is smaller than the textures,
leading to an increase in the interaction between the surfaces, and resulting in a stress
concentration that can disperse the fluid film [42,43]. In addition, non-conformal contacts
favor a boundary lubrication regime [29].

Surface texturing may impact the wettability of a surface, i.e., the capacity to retain
liquids. This property depends on the micro geometrical, physical and chemical properties
of the surface and the fluid. There are two models which characterize the influence of
these factors on wettability: the Wenzel and the Cassie-Baxter models [44–48]. The surface
modification induced by the texturing process is expected to modify the wettability of the
surface and its behavior toward a lubricated sliding. Many authors have reported that laser
texturing is able to change the behavior of a surface from hydrophobic to hydrophilic, and
vice versa [49–52].

Finally, AISI 630 is one of the most popular and most commonly used stainless
chromium-nickel alloy steels, with a copper additive and precipitation hardened with
a martensitic structure. It is characterized by having a high corrosion resistance while
maintaining high strength properties, including hardness. It can operate in the temperature
range from −29 ◦C to 343 ◦C, while retaining relatively good properties. Due to its
excellent properties in a wide range of temperatures, it is used in critical components in
the aerospace industry (bushings, turbine blades, couplings, drive shafts, and landing
gears, etc.). However, although it is used in applications in contact with other elements, the
possible improvement of tribological performance by laser texturing has not been studied
in the literature.
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In this paper, a study of the influence of a laser is presented as a non-conventional
machining method to texture AISI 630 stainless steel. Different energy densities have been
applied for a constant texture geometry, characterizing its behavior with a tribological
pin-on-disc test and the effect of the laser beam on the microstructure across micro-hardness
and microscopy techniques.

2. Materials and Methods

The experimental methodology consists of three main phases, including specimen
preparation, tribological pin-on-disc tests, and specimen characterization. All the tests were
repeated at least 3 times.

2.1. Specimen Preparation

AISI 630 discs with 40 mm diameter and 5 mm thickness were cut using wire electro-
discharge machining (WEDM) from a bar. The discs were grinded and polished by using
#800 grit and #1200 grit SiC papers, until reaching an average roughness Ra < 0.8 µm [53].
AISI 630 composition is shown in Table 1.

Table 1. AISI 630 composition (wt%) [54].

C Si Mn P S Cr Ni Cu Nb + Ta Fe

≤0.07 ≤1 ≤1 ≤0.04 ≤0.03 15–17.5 3–5 3–5 0.15–0.45 rest

Laser texturing was performed under room air atmosphere, using a commercial
marking machine (ROFIN-SINAR Technologies Inc., Plymouth, MI, USA) based on the
Ytterbium-fiber infrared laser system with an λ = 1070 ± 5 nm wavelength, and a pulse
duration of τ = 100 ns. The texturing process was developed through bidirectional parallel
lines with a 0.1 mm distance between the irradiated tracks, using a laser spot with 60 µm of
focal diameter.

Seven different treatments were designed to texture the AISI 630 specimen’s surface,
divided into two sets of laser parameters (Table 2). The first one studied the surface of the
sample with a scanning speed (Vs) ranging from 10 to 200 mm/s at a fixed energy density
of pulses (Ed) of 35.37 J/cm2. The second set analysed the effect of Ed in a range between
5.89 and 35.37 J/cm2 at a Vs = 10 mm/s. Energy density of pulses (Ed) was calculated with
Equation (1).

Ed
[

J
cm2

]
=

Et[J]
Aspot[cm2]

=

P[W]
f[Hz]

Aspot[cm2]
(1)

where Et is the pulse energy calculated from power (P) and frequency (f), and Aspot is the
area of the laser spot.

Table 2. Laser texturing parameters.

Ed (J/cm2) 5.89 11.79 14.68 35.37

Vs (mm/s) 10 50 100 200

Results were compared with an untextured sample.
Once textured, micro geometrical characteristics have been evaluated in terms of

arithmetical mean roughness value (Ra), greatest height of the roughness profile (Rz), and
mean peak width (RSm). From the extracted profiles, texture depth has also been measured.
For this purpose, a Mahr Perthometer Concept PGK120 profilometer (Mahr technology,
Göttingen, Germany) was used, following the UNE-EN ISO 4288:1999 standard [55]. Ad-
ditionally, an Alicona Infinite Focus G5+ (Bruker, Germany) variable focus microscope
was used to evaluate the surface roughness parameters, as the developed interfacial area
ratio (Sdr) and the arithmetical mean height (Sa). Sdr is expressed as the percentage of the
definition area’s additional surface area contributed to by the texture as compared with
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the planar definition area, whereas Sa is the extension of Ra to a surface. It expresses, as
an absolute value, the difference in height of each point compared with the arithmetical
mean of the surface.

2.2. Tribological Tests

Tribological test have been carried out on textured and non-textured AISI 630 discs
with a MT/60/Ni pin-on-disc tribometer (Microtest, Madrid, Spain). The discs were the
AISI 630 specimens, whereas tungsten carbide (WC-Co) balls, with a diameter of 3 mm,
were used as pins. The tests were performed using a linear speed of 0.67 m/s and a normal
load of 5 N, resulting in a contact pressure of 1.5 GPa calculated from the classical equations
described as Equations (2)–(4) for hertzian contacts (2).

Pmax = 1.5·
(

L
πa2

)
(2)

where Pmax is the maximum pressure between the ball and the surface, L is the load of the
sliding test (N), and a can be calculated following expression (2).

a =
3

√
3
8

3√LdC (3)

where d is the diameter of the ball used as a pin, and C is calculated following expression (3).

C =
1− ν2

1
E1

+
1− ν2

2
E2

(4)

where ν is the Poisson modulus and E is the Young modulus for WC-Co and AISI 630, respectively.
The sliding length was 250 m. The evolution of the friction coefficient (CoF) was

recorded online during the tests. All tests were carried out in the presence of lubricant, by
adding at the start of the test 5 µL Renolin MR 3 VG 10, a mineral oil widely applied to
lubricate mechanical contacts.

2.3. Tribological Wear Characterisation

In order to analyse the morphology, the depth of the textures, and the generated wear
track, a cross section of the tested specimens was obtained by WEDM processes. After
the WEDM cutting process, all the specimens were ground and polished with #800 grit,
#1200 grit, and #4000 grit SiC papers, and the cross-section was observed through metal-
lographic microscopy techniques, using an Epiphot 200 microscopy (Nikon, Japan). In
addition, the appearance of microstructural modifications induced by the heat generated
during the laser process were examined by a chemical etching of the cross sections by
a Fry reagent.

Finally, surface micro-hardness was measured using a Shimadzu HMV micro-hardness
tester (Shimadzu, Japan). The Vickers method was used with a load of 0.24 N and 10 s time.
Six micro-hardness measurements were taken on each specimen at different distances from
the textured area to the bulk material.

3. Results and Discussions
3.1. Surface Geometry Characterization

The combination of laser processing parameters successfully provided different texture
characteristics. LST parameters have an impact on the laser track morphology and size.
As is shown in Figure 1a, the depth of the irradiated track is highly influenced by the Ed,
showing an exponential increase in the initial values. However, the effect of the Vs does not
induce a linear trend, instead providing a peak value for 50 mm/s, as shown in Figure 1b.
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Ed = 35.37 J/cm2.

The use of specific combinations of laser processing parameters results in specific
variations of the size and shape of the laser tracks. However, the highly complex phenom-
ena that take place in the cooling process after the irradiation process, may cause small
variations of the texture characteristics that affect the roughness behavior of the surface.

Ra and Rz follow a linear trend for the Ed increase due to the higher amount of energy
received by the surface. This is caused by a higher material removal rate obtained with
high Ed. As the scanning speed increases, under the same energy density, a fluctuation in
roughness around 10 µm is observed, with a peak for 100 mm/s. For the RSm values, lower
scanning speed values result in the increase in the width of the irradiated tracks. RSm
decreases with medium values of Ed, which is related to narrower channels. This reduction
may be produced by the burrs formed on the channel side. These burrs appear due to
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the solidification of the removed material at the edges, creating smooth peaks and valleys
that reduce the average width of the textured pattern. However, Vs does not seem to have
an impact on this parameter, obtaining RSm results within 20% range. As shown in the
Figure 2b, the stabilization to 0.1 mm width of tracks was reached for laser treatments where
the laser beam does not remain on the same area of the surface for long (Vs ≥ 100 mm/s).

These profile data are homogeneous all over the textures as is shown for surface
roughness parameters (Figure 3) and textures mapping (Figure 4).
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As for profile roughness, both Sa and Sdr follow a linear trend, increasing with Ed.
Nevertheless, the impact of Vs on Sa is considerable higher, increasing its value up to
23.77 µm. It is up to 75% higher than the maximum value obtained for Ed = 35.37 J/cm2

and Vs = 10 mm/s. The results are consistent with the channel depth presented in Figure 1.
Similarly, the superficial area is increased by these parameters which may impact the
friction coefficient and wear rate. These results enhance the homogeneity of the texture
samples, as a result of the selected pattern.
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Scanning speed of the beam is highly related to the depth of the laser tracks, as are the
Sa values. Under this consideration, the unexpected behavior of the low Sa and Sdr value
from the 35.37 J/cm2 and 10 mm/s specimen is mainly due to a phenomenon that affects
the external area of the irradiated track. This effect is caused by the solidification of the
vaporized debris on the surface, which in turn reduces the roughness of the textures [28,52],
as shown in Figure 5.
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Since a low Vs implies the laser beam spending more time in the same spot, the
depth of the channel for Vs = 10 mm/s is counterintuitive. Figure 5 shows the cross
section of specimens at Vs = 10 mm/s and Vs = 50 mm/s. The low Vs sample shows
an irregular surface, with poorly defined textures, and the presence of porosity in the lower
part (Figure 5a). On the contrary, clearly defined textures with the expected shape (the
hemispherical shape is due to the Gaussian profile of the laser beam) can be observed for
the Vs = 50 mm/s sample (Figure 5b).

These features are related to the material removal mechanism. The high amount of
energy received by the surface when using a high energy density and a low scanning speed
causes a melting of the material, which flattens the surface. The surface melting occurs due
to the characteristics of the laser used. The predominant material removal mechanism with
the use of nanosecond lasers is the heating-melting-vaporisation of the material, rather
than the laser ablation mechanism typical of ultra-short pulse width lasers [24–26,56]. The
porosity on the bottom of the textures indicates that the laser beam has reached this depth
but the melting phenomenon has filled the engraved textures, due to the condensation and
solidification of evaporated metal in small drops.

3.2. Micro-Hardness

Figure 6 shows the different values of surface micro-hardness measurements. For
every case, the micro-hardness at the peak of the textures is significantly lower. Micro-
hardness is reduced up to 33% in the texture area. As the measurements separates from
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the surface, the micro-hardness tends to stabilise to the nominal value of the untextured
AISI 630 (470 HV). Generally, 85% of the initial value is recovered at the bottom of the wear
groove (40 µm).
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This significant decrease indicates that the laser treatment is softening the irradiated
zone. This outcome is contrary to previous studies which have found a hardness increase
in zones close to the texture, due to a martensitic transformation [57]. The loss of this
martensitic transformation can therefore increase the friction coefficient and the wear rate,
reducing the tribological performance of the surface. In addition, the reduction in hardness
of the textured zone may be mainly due to the cooling effect of the vaporized material in
the laser irradiation process. The particles of material released by the laser pulses do not
solidify uniformly, affecting the microstructure and generating voids and micro-porosity in
the modified layer that reduce the hardness of the material. Thus, no significant differences
were found in the effect of Ed or Vs.

The initial microstructural condition of the 17-4 PH hardening steel is mainly consti-
tuted of martensite, corroborated after a chemical attack using a Fry reagent. Metallographic
images were taken to ensure that no martensitic transformations have been reached. Since
the Ed = 35.37 J/cm2 and Vs = 10 mm/s specimen has been submitted to the most aggres-
sive LST parameters, it was compared with the untextured sample (Figure 7). As can be
observed, the small layer identified for the untextured sample disappeared in the textured
specimen. This reduction may be caused by the same phenomenon as the burr previously
described. The melting process may decrease the mechanical properties of the surface,
inducing some differences compared with the bulk material.
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3.3. Friction Coefficient and Wear Behavior

The evolution of the friction coefficient is shown in Figure 8. Similarly, Figure 9 shows
the average values of the friction coefficient as a function of the LST parameters.
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On the one hand, a stable behaviour for low Vs (10 mm/s) and medium and average
Ed (<35.37 J/cm2) samples is found. This can be associated with the low roughness values
achieved in their LST processes. Nevertheless, the friction coefficient is increased by up to
200% for the Ed = 35.37 J/cm2 and Vs = 50 mm/s samples. As was mentioned previously,
this sample presents the higher Sdr. This fact combined with the aforementioned material
softening, drastically increases the friction coefficient and the wear track depth.

On the other hand, high Ed (35.37 J/cm2) samples present a non-stable behaviour. The
laser processing parameter combination (Ed = 35.37 J/cm2 and Vs = 50 mm/s) shows the
highest Sa roughness value of the textured specimens, as shown in Figure 3b. Under these
conditions, the dimensions and shape of the asperities (shown in Figure 5b) causes a higher
volume of wear debris during the friction test. These frictional debris are deposited on
the sliding track, causing fluctuations in the coefficient of friction values. Under these
conditions, the stick–slip phenomenon is clearly manifested, since the friction coefficient
oscillates constantly between the static and the dynamic friction coefficient values. In
this case, it was proven that the channels do not act as lubricant reservoirs but as stress
concentrators. The textures locally decrease the thickness of the fluid layer, acting as barri-
ers [42,43,58]. The presence of textures with a similar dimension to the contact area diameter
might be another cause of the friction increase. Therefore, in this case the higher asperities
make the sliding processes difficult, leading to the stick–slip phenomena, except for the
Ed = 35.37 J/cm2 and Vs = 200 mm/s sample, whose behavior is similar to the untextured
sample. The behavior of the 35.37 J/cm2 and Vs = 10 mm/s sample is remarkable due to
its reduced value up to 150 s. These sets of parameters decreased the friction coefficient
compared with the untextured sample up to a limit, in which the abrasion of the channels
diminished the reservoir effect.

This assumption is verified with the wear rate study presented in Figure 10, where the
differences among initial and final weights (in grams, g) are represented (evaluated with
a scale with 10−4 g of resolution) vs. Ed.
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The main wear mechanism presented on the disc is abrasion (Figure 10b). Every
sample, including the untextured one, reduces its weight after the friction tests. As ex-
pected, the maximum abrasion was found for 35.37 J/cm2 and Vs = 50 mm/s where the
friction coefficient and the native surface were more irregular. In contrast, the main wear
mechanism for the pin is adhesion (Figure 11a). Part of the disc material adhered to the
pin surface, increasing its weight. Both wear mechanisms are enhanced by the material
softening explained in the hardness results. Additionally, the breakage of the peaks of the
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textures decreased the lubricant effect (Figure 11b), producing an increase in the friction
coefficient values for high Ed parameters.
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A specific effect was observed on medium scale tracks from laser treatments. The
cross-section of a textured specimen (35.37 J/cm2–50 mm/s) subjected to the sliding test
confirms that the development of medium scale textures can be used to trap the wear debris
of the sliding process, as shown in Figure 12. This effect may help to reduce the third-body
abrasive effect of sliding parts under friction conditions.
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4. Conclusions

The present study has revealed that LST has a complex influence on the tribological
behavior of surfaces. LST parameters modify the surface geometry of the textures. Ed
linearly increases the depth of the channel, the Sa, and the Sdr. For the same parameters, Vs
produces a peak value for 50 mm/s. However, profile roughness parameters present slight
variations on the effect of LST parameters. Particularly, RSm has been found as an effective
parameter to measure the width stability of the channel, which is affected by Ed due to
the melting mechanism of LST. This melting mechanism also affects the real depth of the
channels for low Vs (10 mm/s) producing pores on the bottom of the surface.

Surface integrity is modified by reducing the micro-hardness up to 33% on the heat-
affected zone. Nevertheless, 85% of the bulk micro-hardness is recovered at 40 µm. This
micro-hardness drop is due to a softening of the material. An increase in the instability
of the friction coefficient was detected for high Ed, caused by the roughness increase and
the softening of the material. Finally, the wear mechanisms were identified. Pin presented
mainly steel adhesion and disc abrasion. The abrasion of the disc removed the effect of the
channels, reducing its efficiency regarding lubricant retention.
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To summarize, the integration of the surfaces depends on multiple factors and the
formulation of mathematical models relating to the variables of interest may be a future work.
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