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Abstract: Surface modification procedures by laser techniques allow the generation of specific
topographies and microstructures that enable the adaptation of the external layers of materials
for specific applications. In laser texturing processes, it is possible to maintain control over the
microgeometry and dimensions of the surface pattern through varying the processing parameters.
One of the main areas of interest in the field of surface modification treatments is the ability to generate
topographies that are associated with specific surface finishes, in terms of roughness, that can improve
the manufactured part’s functional capabilities. In this aspect, several types of phenomena have been
detected, such as the friction and sliding wear behavior or wetting capacity, which maintain a high
dependence on surface roughness. In this research, surface texturing treatments have been developed
by laser techniques through using the scanning speed of the beam (Vs) as a control parameter in
order to generate samples that have topographies with different natures. Through assessments of
surface finish using specialized techniques, the dimensional and geometrical features of the texturized
tracks have been characterized, analyzing their influence on the wetting behavior of the irradiated
layer. In this way, more defined texturing grooves has been developed by increasing the Vs, which
also improves the hydrophobic characteristics of the treated surface. However, due to the lack of
uniformity in the solidification process of the irradiated area, some deviations from the expected
trends and singular points can be observed. Using the contact angle method to evaluate the wetting
behavior of the applied treatments found increases in the contact angle values for high texturing
speeds, finding a maximum value of 65.59◦ for Vs = 200 mm/s.

Keywords: surface engineering; laser texturing; wetting behavior; Ti6Al4V; surface characterization;
roughness parameters

1. Introduction

The wetting features of a surface can improve the functional performance of manufactured
parts in a wide field of applications, such as turbine blades or biomechanical components [1–6].
In the aeronautical and aerospace industry, the decrease of microdroplets on the surface of assembled
components can reduce corrosive effects in environments associated with high relative humidity.
On the other hand, the liquid absorption capacity allows adaptations to the wear properties of a
surface under friction conditions when lubricants or cooling products are used [1,3,7–10]. Furthermore,
the ability to maintain control over the wetting properties of a surface can produce benefits regarding
the biocompatibility and biomechanical behavior of materials in relation to its cellular adhesion,
or improving the sliding features under biological fluids situations in medical prostheses [9–13]. In
the case of strategic material alloys for the aerospace industry and biomechanical applications such as
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Ti6Al4V titanium alloy, surface modification treatments and evaluations are used to overcome material
limitations and improve the functional performance of the alloy [9,12,14–20].

Although there are a wide range of modification treatments by chemical and mechanical
procedures to adapt the surface to specific conditions, some treatments such as knurling can generate
mechanical stress, and in other cases surface contamination, or result in variations of the properties
in the inner layers of the alloy. In this aspect, surface texturing treatments using laser techniques
allow the generation of topographies with microgeometry, and properties that are adapted to specific
working conditions, without affecting the deeper layers of the material [14,16–26].

Previous research describes a direct relationship between the surface finish, in terms of roughness,
and the wetting properties (contact angle) on a surface [27–30]. In this way, the Wenzel theory of
the contact angle [29,31,32] describes the Sdr (developed interfacial area ratio) hybrid roughness
parameter [33], and shows its important role regarding the wetting capacity of rough surfaces.
The developed interfacial area ratio parameter describes the relationship between areas of a rough
surface and the projected area of a flat surface [33].

The main objective of this research is focused on the study of the wetting behavior of Ti6Al4V
titanium alloy surfaces textured by laser. For that reason, the surface finish and its influence on the
contact angle of drops over the modified surface has been taken as the control variable.

2. Materials and Methods

2.1. Laser Texturing Process

Experimental procedures were carried out on UNS R56400 (Ti6Al4V) titanium alloy samples
with 5.0-mm thickness. Test probes were conditioned by a mechanical grinding/polishing process
using 1200 grits (particles per square inch) abrasive sandpaper, with the aim of obtaining a surface
finish with the roughness parameters of Ra <0.05 µm and Rz <0.15 µm. After the polishing process,
all of the samples were cleaned using a petroleum ether 50% solution where the test probes have been
submerged, removing polishing residues. With these initial conditions, laser texturing treatments have
been developed using a 1070 ± 5 nm wavelength Ytterbium fiber infrared pulsed laser, model Rofin
EasyMark F20 system (ROFIN-SINAR Technologies Inc., Plymouth, MI, USA), with a 60-µm spot
diameter and 100-ns pulse width. Texturing treatments have been performed over Ti6Al4V samples
in an open-air atmosphere through a bidirectional layout without overlapping, resulting in parallel
irradiated lines with a separation of approximately 0.1 mm between laser tracks. Under these starting
conditions, significant variations were set in the scanning speed of the laser beam (Vs), resulting in
seven different tested surfaces with same pulse energy (Et), fluence/energy density of the pulse (Ed),
and changing the scanning speed (Vs). The laser-irradiated conditions of the texturing process are
shown in Table 1.

ET[J] =
P[W]

f [Hz]
(1)

Ed

[
J

cm2

]
=

ET [J]
Aspot [cm2]

(2)

Table 1. Laser processing parameters.

P (W) f (Hz) ET (mJ) Ed (J/cm2) Vs (mm/s)

20 80,000 0.125 4.42
V1 V2 V3 V4 V5 V6 V7

10 20 40 80 100 150 200

The textured probe presents seven surface conditions that range from higher intensity treatments
at low scan speeds (Treatment 1), to less aggressive treatments with high Vs (Treatment 7), and
compares the results with an untreated reference specimen (Treatment 8), Figure 1.
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Figure 1. Dimensions and layout of textured samples.

2.2. Microgeometrical Evaluation of Laser Textured Probes

The characterization of the textured samples has been focused on the evaluation of the dimensional
and geometrical features of the topography that result from each surface modification treatment by
laser. This emphasis is in line with the main objective of this work, which is to obtain a first approach to
a dependence relationship between the laser processing parameters and the surface finish in terms of
the roughness and wetting behavior of the Ti6Al4V titanium alloy. For this purpose, the measurement
of the surface finish in terms of the two-dimensional (2D) and three-dimensional (3D) roughness has
been carried out through the measurement of the Rz, RSm, and Sdr parameters using a roughness
measure station Mahr Perthometer Concept PGK120 (Mahr technology, Göttingen, Germany) for the
2D parameters, and an optical profiler Zeta Instruments, model Z-300 (Zeta-KLA-Tencor Company,
Milpitas, CA, USA) for the measurement of the Sdr parameter.

Evaluation of the Rz and RSm parameters were performed by contact measurement following a
perpendicular direction to the irradiated grooves. In order to complete the inspection of the surface
texturized tracks, scanning electron microscopy (SEM) has been used. In this aspect, undetectable
features have been detected at the surface level through the shape of the radiation grooves. Also,
irregular cooling process has been observed in some cases, resulting in the deposition of material
over the surface of the laser tracks. Therefore, it is difficult to detect the complete geometry of the
material removed grooves. With the aim of studying the complete shape of the traces more accurately,
cross-sections of the texturing layout have been analyzed.

2.3. Wetting Behavior of Laser Textured Probes

The evaluation of the wetting behavior of the textured surfaces has been carried out by measuring
the contact angle between the solid and liquid phases through using a system formed by a volumetric
pump, for the dosage of drops with specific size, a support platform for the positioning of samples,
and a high resolution CCD camera located in front of a specific illumination system. This measuring
system enables the evaluation of the contact angle between the drop and the textured surface. Contact
angle measurements have been conducted in a perpendicular direction to the laser grooves. Samples
have been evaluated in a period of time less than 1 h from the irradiated stage. During the entire
measurement process, a temperature between 20–25 ◦C has been established.

3. Results and Discussion

3.1. Surface Finish (Roughness)

The roughness of the textured samples is one of the main control parameters for the study of the
surface wetting capacity. The variations in the scanning speed result in a wide range of topographies
with special characteristics. Through changes in the scanning speed of the beam, it is possible to
increase or decrease the energy density, giving place to surfaces with different microgeometrical
dimensions, as shown in Figure 2.
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Figure 2. Surface topographies’ evolution as a function of the scan speed of the beam (a) Vs = 10 mm/s;
(b) Vs = 200 mm/s.

For low scanning speeds (Vs = 10 mm/s), the volume of vaporized material is very high in relation
to the separation between the parallel textured lines, which overlap the bidirectional trajectories, and
give rise to a less ordered topography than the high scanning speeds (Vs = 200 mm/s). This can be
verified through the roughness induced by the surface modification treatment.

By analyzing the behavior of the Rz and RSm roughness parameters [34], a first approach to the
material trends can be obtained through the variables relating to the maximum height of the profile and
the spacing between peaks, favoring a first description of the traces produced by the laser treatment.
The increase in Vs results in a decrease in the dimensions of the texturing tracks, mainly since the
laser beam spends less time on the same section of the material. A decrease in the values obtained
can be detected for the measurement of the maximum height of the profile and spacing of the peaks’
roughness parameters, as shown in Figure 3. Also, it is noteworthy that the roughness values were
obtained under conditions of low speed, in which a non-uniform trend is observed, especially due
to a greater volume of melted material and instabilities in the cooling process. On the other hand,
a significant decrease in the values of Rz and RSm has been detected for Vs = 150 mm/s. In this case,
the presented roughness parameters behavior comes from the formation of solidified material debris
on the surface of the textured groove, promoting a reduction in the size, in terms of the microgeometry,
of the laser traces. The phenomena described will be discussed in a later section, which focuses on the
evaluation of the groove geometry.

Figure 3. Surface finish behavior as a function of the scanning speed of the beam; (a) Rz and (b) RSm.
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3.2. Shape of Irradiated Grooves

The geometry and dimensions of the traces produced by the laser beam are highly influenced by
the selected treatment parameters. Likewise, more aggressive thermal procedures, which are controlled
by low scan speed of the beam, result in a higher energy density supplied by the laser system. These
processed conditions develop deep and thin textures, with a lack of uniformity in the surface, due to
the unification of the contiguous lines of the beam track. As can be expected, the increase in scanning
speed induces less aggressive treatments, leading to a significant decrease in the depth of material
removed by the texturing process, as shown in Figure 4.

Figure 4. Maximum depth of grooves in textured samples.

On the other hand, variability in the shape of the texturing tracks can be observed, from sharper
and deeper geometries to smoother topographies with semicircular grooves. However, the energy
supplied by the laser plays an important role in the cooling stage of the melted metal. In this
sense, the vaporization of the treated metal can be detected for lower scanning speeds; furthermore,
for increases of Vs, solidification of the melted material along and over the surface of the textured
surface is caused, as shown in Figure 5.

Figure 5. Cont.
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Figure 5. Evolution of texturized grooves geometry as a function of Vs.

It is noteworthy that for the intermediate values of the scan speeds (100–150 mm/s),
a phenomenon whereby the melted material solidifies takes place in the surface area of the texturized
grooves, causing a total or partial obstruction of the textured track ways. Due to this, variations in
the previously mentioned expected values of roughness can be detected, causing alterations in other
parameters, such as the wetting behavior of the surface, as shown in Figure 6.

Figure 6. Solidification of melted metal over the textured grooves (Vs = 150 mm/s). (a) Groove
geometry; (b) Textured tracks height.

3.3. Wetting Behavior of Textured Surface

The wetting properties of a surface are usually evaluated through the contact angle between
liquid and solid phases. In the case of rough surfaces, the Wenzel humectant model assumes that the
drop of liquid penetrates the asperities, i.e., the liquid phase is introduced through the grooves formed
by the roughness, as shown in Figure 7.
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Figure 7. Wenzel model contact angle: (a) Flat surface; (b) Rough surface.

The Wenzel model describes a relation between the contact angle, the phases, and the surface
roughness. For that, the roughness factor concept is developed as a proportionality coefficient between
the contact angles of an ideal flat surface and a rough surface with asperities:

Cosθm = r·CosθY (1)

where θm is the value of the contact angle for the rough surface, θY is the value of the contact angle of
the Young’s modulus for ideal flat surfaces, and r is the roughness factor.

In this way, the r roughness coefficient [34] is determined by the developed interfacial area ratio
roughness parameter (Sdr). The Sdr 3D roughness parameter describes the ratio between the projected
area and the rough area (subject to the texturing process) of the solid surface on which the liquid
drop is deposited for the measurement of the contact angle. In this case, the Sdr parameter indicates
a relation between the increment of surface contributed by the rough surface texture in respect to a
surface without roughness:

Sdr =
1
A

x

A


√√√√[1 +

(
∂z(x, y)

∂x

)2
+

(
∂z(x, y)

∂y

)2
]
− 1

dxdy

 (2)

Once the surface texture ratio is determined, the “r” roughness coefficient of the Wenzel model
can be obtained as a function of the roughness area relation [35]; thereby, the wetting properties can be
related to microgeometrical variations as a consequence of the Vs laser processed parameter.

r = 1 +
Sdr
100

(3)

However, unexpected situations can be found in which the microgeometric features of the surface
result in significant variations regarding the contact angle measurement between the calculated value
and the real value of the textured surfaces. Significant dependence has been detected between the
contact angle and the laser scanning speed of the beam of the textured surfaces, as shown in Figure 8a.
This is mainly due to the development of well-defined and structured topographies for less aggressive
treatments against laser treatments with lower Vs, in which a greater amount of energy is supplied.

Higher energy treatments (with lower Vs values) may cause the overlapping of parallel beam
track lines, resulting in a lack of homogeneity across the textured surface. These phenomena can be
the main reason for the observed decrease in contact angle values, favoring liquid absorption from
the surface. On the other hand, the behavior of the values of the r coefficient, as a function of the Vs,
shows a decreasing tendency when the scan speed is increased, as shown in Figure 8b.
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Figure 8. Wetting behavior as a function of the scanning speed of the beam’s (a) contact angle and (b)
roughness coefficient.

The analysis of the results obtained for the study of the wettability properties, by means of the
contact angle measurement, shows the existence of three well-differentiated sets/ranges of Vs in
which different behaviors can be observed, especially due to the volume of melted material and the
solidification process in the cooling phase.

For lower scanning speeds (S-I), as seen in Figure 8, a non-uniform evolution of wetting capacity
is produced. An important increase has been detected in the compactness of the textured surface for
Vs = 20 mm/s, where a layer with low values of roughness is generated from molten metal. Asperities
with similar height are shown to be evenly distributed over the entire surface, presenting porosity in
the texturing track lines.

Irradiated microgeometry favors the increase in the contact angle of the droplets that are deposited
on the surface. On the other hand, the isolated growth of the asperities in irregular positions can be
observed for 10 mm/s and 40 mm/s scanning speeds. A non-uniform arrangement of elements may
cause a decrease in the surface compactness that is generated by laser texturing, favoring the loss of
the surface tension of the drops and resulting in a reduction of the contact angle, as shown in Figure 9.

Figure 9. Cont.
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Figure 9. Topographic evolution of the textured layer for the S-I speed set, which has lower scanning
speeds (Vs = 10 mm/s to Vs = 40 mm/s).

In an intermediate speed range (S-II), a decrease in the fluctuations of the contact angle values
is shown. For the scanning speed values between 40–150 mm/s, a growth of asperities in isolated
positions can be observed; these are generated by instabilities in the cooling process, as seen in
Figure 10. These phenomena may be the main cause of the decrease in the compactness of the treated
layer, favoring the breaking of the surface tension of the drop on the surface, and resulting in contact
angle attenuation values lower than 20◦. In this regard, a change in trend has been detected in the
contact angle values for Vs = 100 mm/s, which coincides with a growth in the solidified material
structures that obstruct the grooves; this growth was formed by the materials that were removed from
the irradiated process. Such structures can grow randomly, as determined by lack of homogeneity
of the cooling processes in the vaporization of the material and its subsequent deposition in the
edges of the laser processing track. For Vs = 100 mm/s, and coinciding with Figure 8b, a growth of
protuberances has been detected in places where the laser pulses have impacted, increasing the area
of the modified surface with respect to the projected surface, and thereby increasing the r roughness
coefficient value.

Figure 10. Topographic evolution of the textured layer for the S-II speed set, which has intermediate
scanning speeds (Vs = 80 mm/s to Vs = 100 mm/s).
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For scanning speeds higher than 150 mm/s (S-III), a relevant increase in the contact angle values
takes place. This is especially caused by an increase in the compactness of the treated layer, as shown in
Figure 11. The increase in Vs results in the development of textures with a higher contact area between
the solid and the liquid phase. In order to verify the behavior of the textured surface by increasing the
Vs above the established limits in this research, the microgeometry generated at Vs = 250 mm/s has
been studied, maintaining a tendency to increase the compactness of the surface, as seen in Figure 11,
and giving rise to a maximum contact angle of 146.07◦.

Figure 11. Topographic evolution of the textured layer for S-III speed set, which has the highest
scanning speeds (Vs = 150 mm/s to Vs = 200 mm/s, and Vs = 250 mm/s).

In this case, an important dependence cannot be ensured between the results of the contact angle
measurement of the textured surface and the r roughness coefficient of the Wenzel model for wetting
capacity. This may be due to the lack of homogeneity of the laser-induced topography. In addition,
the impossibility of maintaining precise control over the cooling stage, and the solidification of the
vaporized material in the process, may produce anomalous behavior regarding the properties of the
absorption/repulsion of the liquids of the irradiated surface.
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4. Conclusions

The laser texturing process can induce the formation of modified material layers with
special topographies for specific applications. Through variations of laser processing parameters,
the dimensions and geometry of the texturing tracks can be controlled. The scanning speed of the
beam (Vs) is shown to be one of the main variables that govern the laser surface modification in terms
of microgeometrical texture generation.

The increase of Vs results in the incidence of less energy on the surface, resulting in a decrease
in the roughness parameters (Rz and RSm) that define the maximum dimensions of the texturized
grooves. In this aspect, the shape and dimensions of the laser tracks show significant variations as a
function of the scanning speed, presenting an evolution from deeper and sharper grooves for lower Vs

to semicircular and shallow grooves for higher speeds.
Non-uniform solidification processes are shown to be the main cause of unexpected behavior in

the evaluation of wettability. Taking the evaluation of the results obtained as a reference, a dependency
relation cannot be ensured between the roughness coefficient r and the contact angle between the
liquid and solid phases.

A significant influence has been detected between the pattern and groove depth of the modified
layer, and the hydrophobic characteristics of the surface. Likewise, it has been observed that high
speeds allow the generation of more defined topographies, giving place to closer parallel structures
and increasing the contact area with the liquid phase. This enables the approximation of the contact
angle between phases to increase, reaching a maximum of 146.07◦ for Vs = 250 mm/s.
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