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Laser surface texturing of plasma electrolytically oxidized alumi-
num 6061 alloy has been carried out through a controlled surface
ablation under a high pressure nitrogen gas assistance. Morpho-
logical and metallurgical changes in the laser-treated region
were examined using optical, scanning electron, and atomic force

microscopy, energy dispersive X-ray spectroscopy, and X-ray dif-
fraction phase analysis. The hydrophobicity of the textured sur-
face was assessed through water droplet contact angle
measurements. It was found that a dense layer with a nanotexture/
microtexture is developed at the surface after the laser treatment
process. The assessment of the surface characteristics reveals that
a superhydrophobic surface results from the laser treatment pro-
cess; in which case, high water droplet contact angles are meas-
ured over the treated surface, which can be explained by known
models of texture-induced superhydrophobicity.
[DOI: 10.1115/1.4027977]

Introduction

Aluminum 6061 is a precipitation hardening aluminum–
magnesium–silica alloy which is commonly used for aircraft
structures [1], automotive parts [2], and food industry machinery
[3]. The tribological properties of aluminum alloys can be
improved by forming an oxide layer at the surface utilizing
plasma electrolytic oxidation (PEO) [4], which is an advanced
form of anodic oxidation incorporating a plasma discharge pro-
cess [5]. The PEO process, when applied to an aluminum alloy
workpiece, results in aluminum oxide layer formation at the sur-
face, improving hydrophobicity [6]. Although surface hydropho-
bicity of the aluminum alloy can be improved through surface
oxidation, its applications become limited compared to the “super
hydrophobicity” characteristics demonstrated by other surfaces.
Super hydrophobicity is of increasing interest for several applica-
tions including MEMS devices; however, the development and
retention of properties are challenging and, in some cases, treated
surfaces are prone to degradation when they are in contact with
liquids for extended periods [7]. Nanotexturing/microtexturing of
the geometric orientation and size of the surface features can ena-
ble super hydrophobicity at the textured surface, whilst retaining
the wear and corrosion protective properties of the oxide film.
Several surface texturing methods have been introduced; however,
most of them are expensive and involve multiple processes or
harsh conditions and specialized reagents [8–14]. Surface textur-
ing methods previously investigated include phase separation [8],
electrochemical deposition [9], plasma treatment [11], sol–gel
processing [12], electrospinning [13], solution immersion [14],
and laser-controlled surface ablation, the last of which may offer
opportunities for cost effective texturing [6]. Gas-assisted laser
nanotexturing/microtexturing of surfaces has several advantages
over other methods [6,15,16] because it achieves a controlled
ablation at the surface. In addition, the laser texturing process
does not involve mechanical contact. Gas-assisted laser surface
texturing of aluminum alloys incorporating high-pressure nitrogen
gas causes formation of nitride species at the treated surface,
which in turn further enhances the surface hydrophobicity by
altering the surface energy [6]. Although laser ablation of surfaces
has many advantages, excessive stress fields can be developed in
the region of the treated surface because of the high temperature
gradients formed during the process. This, in turn, can initiate
thermally induced crack formation at the treated surface. Conse-
quently, investigation into laser ablation of plasma electrolytically
oxidized aluminum 6061 alloy surfaces becomes essential in rela-
tion to nanotexturing/microtexturing for improved hydrophobicity.

Background and Literature Review. Several research studies
have been carried out to examine laser treatment of aluminum
alloys. Surface characteristics of aluminum 6061-T6 alloy after an
Nd:YAG pulsed-laser treatment were studied by Choi et al. [17].
They indicated that laser treatment modifies the surface morphol-
ogy considerably. The diameter of the melted zone increased with
surface roughness due to multiple reflection and absorption of
the laser beam. Laser sintering of ultrananocrystalline diamond
powders on aluminum 6061 T-91 alloy was carried out by Nair
et al. [18]. They indicated that laser sintering to produce thick
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diamond-like coatings with outstanding mechanical and tribologi-
cal properties and excellent bonding was possible and the sinter-
ing offered the means to produce an extremely lightweight,
strong, and wear-resistant material. The microstructure and me-
chanical properties of aluminum 6061 alloy after laser treatment
were investigated by Xu et al. [19]. Their findings revealed that a
large quantity of dispersed age-strengthening particles were pre-
cipitated during the laser treatment process, which in turn resulted
in improved microhardness. The fatigue performance of alumi-
num 6061-T6 alloy subjected to a laser peening treatment was
examined by Wang et al. [20]. They demonstrated that laser shock
processing could effectively inhibit crack growth and, as a conse-
quence, fatigue life was extended. Laser processing of aluminum
6061-T6 alloy and the mechanical properties of the resulting sur-
face were investigated by Gencalp et al. [21]. They showed that
the surface microhardness and tensile strength of the workpiece
increased considerably after the laser treatment process. The influ-
ence of temporal variations in laser pulse shape on cracking sus-
ceptibility of aluminum 6061-T6 alloy was studied by Zhang et al.
[22]. They indicated that use of a trailing ramp-down pulse shape
affected the solidification morphology together with the width of
the initial planar grain growth layer at the fusion boundaries; the
dendrite and cell spacing increased with decreasing ramp-down
gradient. Laser-assisted TiC coating on aluminum 6061 alloy and
the wear characteristics of the surface were studied by Katipelli
et al. [23]. They demonstrated that the wear resistance of the
coated surface was higher than that of an untreated surface. Laser
treatment of aluminum 6061-T6 alloy surface and residual stress
formation were studied by Gomez-Rosas et al. [24]. They demon-
strated that the residual stress was compressive in-plane at the sur-
face and its magnitude was less than the yield stress of the
substrate material. Laser treatment of aluminum 6061-T6 alloy
surface and wear characteristics of the resulting surface were
examined by Sanchez-Santana et al. [25]. They observed that the
wear rate decreased as the pulse density increased at the work-
piece surface. The precipitation hardening of aluminum 6061-T6
alloy using a low energy laser beam was studied by Sathyajith and
Kalainathan [26]. They showed that the case depth of the laser-
treated layer extended over a considerable volume below the sur-
face, which was validated by the microhardness data. Surface
characterization of DC PEO of the aluminum alloy was presented
by Khan et al. [27]. They provided the correlations between inter-
nal stress and coating thickness. In addition, they suggested that
specific PEO treatment regimes could be used to produce thick
coatings with low stress levels. Impedance spectroscopy charac-
terization of the PEO process (and resulting PEO coatings on alu-
minum) was performed by Parfenov et al. [28]. They
demonstrated that the approaches introduced allowed appraisal of
frequency response of PEO microdischarges to assess the optimal
frequency for pulsed bipolar PEO. Plasma electrolytic nitrocarbu-
rizing of stainless steel surface was investigated by Nie and co-
workers [29]. They indicated that the electrochemical properties
of the treated layers were closely related to the microstructure and
composition, which could be improved through a plasma electro-
lytic nitrocarburizing process. Electrochemical characteristics of
laser-treated alumina surface were studied by Yilbas et al. [30].
The findings revealed that electrochemical properties of the sur-
face, as measured by the corrosion rate, improved significantly af-
ter the laser treatment process. Morphological and metallurgical
characteristics of laser-treated alumina tiles with the presence of
hard particles were studied by Yilbas et al. [31,32]. They showed
that laser-treated surfaces were free from large size asperities and
a dense layer formed at the surface improved microhardness at the
surface of the treated layer.

Although separate studies into PEO and laser microtexturing/
nanotexturing of alumina alloy surfaces have previously been car-
ried out [27–31], texturing of the surface for super-hydrophobicity
and wear testing of the resulting surface were not studied. The
PEO process produces an alumina layer at the surface of alumi-
num alloy. However, the surface characteristics including surface

energy and texture of the resulting alumina surface do not yield
hydrophobic characteristics. In addition, delamination of the oxide
layer and asperities formed at the surface, due to local high cur-
rent intensity [27], can limit the practical application of the sur-
face when the hydrophobicity is required. Therefore, the present
study investigates the surface characteristics of laser-textured
plasma electrolytic oxidized aluminum 6061 alloy in relation to
surface hydrophobicity. Laser-controlled ablation of the treated
surface was carried out under high nitrogen gas pressure to gener-
ate micropile/nanopile at the surface, which promotes super
hydrophobicity properties. The laser power intensity distribution
at the workpiece surface is Gaussian and peak power intensity
occurs at the centre of the irradiated spot. The ablation takes place
in the region close to the irradiated spot center and melting occurs
in the vicinity of the irradiated spot edge. Laser scanning takes
place through repetitive pulsation at the surface. Consequently,
melt flow from the irradiated spot edge modifies the cavity shape
and size at the irradiated surface due to the repetitive pulse irradi-
ations and scanning of the workpiece during the ablation process.
Morphological and metallurgical changes are examined in the
laser-treated layer using optical, electron scanning, and atomic
force microscopy, energy dispersive X-ray spectroscopy, and
X-ray diffraction analysis. Water droplet contact angles are meas-
ured for the laser treated and untreated surfaces to assess the
hydrophobic state of the treated surface.

Experimental Equipment and Procedure

Aluminum 6061 alloy samples 25 mm diameter and 5 mm thick
were used. The surface of the alloy was plasma electrolytically
oxidized prior to the laser treatment process. The electrolytic oxi-
dation process was carried out under DC polarization and the elec-
trolyte temperature was kept below 40 �C during the process. The
parameters incorporated in the PEO process are given in Table 1.
A CO2 laser (LC-ALPHAIII) delivering an output power of 2 kW
was used to irradiate the workpiece surface; the focal length of the
focusing lens was 127 mm. The laser beam diameter focused at
the workpiece surface was �0.25 mm. Nitrogen assisting gas
emerging from the conical nozzle and co-axially with the laser
beam was used. In the light of the previous study [6], laser treat-
ment tests were repeated several times, incorporating different
laser parameters, resulting in the selection of parameters which
generate minimum surface defects, such as very small cavities—
with no cracks (or crack networks). Increasing the laser power at
the workpiece by 10%, while keeping the laser scanning speed
constant, caused cavity formation at the surface, which in turn
increased the surface roughness considerably and lowered the
contact angle of the water droplet. However, similar behavior was
also observed when the laser scanning speed was reduced by 10%
while keeping the laser output power constant. On the other hand,
increasing the laser scanning speed or lowering laser output power
did not result in a nanopillar texture, which gives rise to high con-
tact angles. (Table 1 gives the contact angle measurements for
various laser treatment parameters.) Laser treatment conditions
are given in Table 2.

Material characterization of the laser-treated surfaces was car-
ried out using optical microscopy, SEM, AFM, energy dispersive
spectroscopy (EDAX), and XRD. A Jeol 6460 electron micro-
scope was used for SEM examinations and a Bruker D8 advance
diffractometer is used for XRD analysis (CuKa radiation k¼with

Table 1 Contact angles measured for various laser output
power levels

Fluence (J/cm2) Contact angle (deg)

1.21� 104 93.2 (65)
1.34� 104 151.6 (65)
1.47� 104 112.4 (65)
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0.154 nm). The typical setting of the XRD instrument was 40 kV
and 30 mA and scanning angle (2h) in the range of 20 deg–90 deg.
Surface roughness measurement of the laser-melted surfaces was
performed using an Agilent 5100 AFM/SPM in contact mode.
The tip was made of silicon nitride probes (r¼ 20–60 nm) with a
manufacturer specified force constant, k, of 0.12 N/m.

A microphotonics digital hardness tester (MP-100TC) was used
to obtain Vickers micro-indentation hardness values at the surface
of the nitride layer. The standard test method for Vickers indenta-
tion hardness of advanced ceramics (ASTM C1327-99) was
adopted. Microhardness was measured at the workpiece surface
after the laser treatment process. The measurements were repeated
five times at each location for the consistency of the results.

A linear microscratch tester (MCTX-S/N: 01-04300 [9]) was
used to determine the friction coefficient of the laser treated and
untreated surfaces. The equipment was set at the contact load of
0.03 N and end load of 5 N. The scanning speed was 5 mm/min
and loading rate was 5 N/min. The total length for the scratch tests
was 5 mm.

The wetting experiment was performed using a Kyowa
(model—DM 501) contact angle goniometer. A static sessile drop
method was employed for the contact angle measurement. The
contact angle between the droplet and the heat treated surface was
measured using de-ionized water as the droplet medium. Droplet
volume was controlled by an automatic dispensing system having
a volume step resolution of 0.1 ll. Still images were captured, and
contact angle measurements were performed after 1 s of deposi-
tion of water droplet on the surface.

Results and Discussion

Figure 1 shows optical photograph (Fig. 1(a)) and SEM images
of the laser modified (Figs. 1(b) and 1(d)) (and unmodified) PEO-
treated surface (Figs. 1(c) and 1(e)). The unmodified PEO surface
is free from large cracks and voids; however, a porous morphol-
ogy can be observed at the surface, which is common for the PEO
processing. Pore diameter is influenced by the plasma current den-
sity during the PEO process [27,32] and the porous morphology
contributes significantly to surface roughness of the workpiece,
the Ra value of which is in the order of 0.9 lm. The pores size
varies from 0.1 lm to 4.5 lm and their presence contributes to
enhancement of absorption of the laser irradiation at the surface,
through multiple, internal reflection within the pores. Since the
surface reflectivity of the aluminum alloy is high (82%), for the
wavelength of employed laser irradiation, [33–35], the presence
of porosity increases the energy transfer efficiency due to internal
reflection of the incident laser beam in the pores during process-
ing. After laser modification, the PEO-treated surface is free from
cracks and large asperities including voids, cavities, and large size
pores. Regular laser scanning tracks (which result from continu-
ous scanning overlapping of the laser spots) are visible at the sur-
face. It should be noted that the laser beam irradiates the surface
at high frequency (1500 Hz) during the laser processing, which in
turn results in an overlap ratio of over 70% for the irradiated spots
along each laser scanning track. Since the laser power input at the
surface Gaussian, the peak power intensity occurs at the irradiated
spot center follows a distribution. Consequently, through proper
selection of the laser intensity, the cavity size and depth can be
controlled precisely at the irradiated surface during the ablation
process—and thus a desired surface texture can be produced as a

consequence of the ablation process regime applied. However, the
local temperature exceeds the melting temperature of the substrate
material in the vicinity of the irradiated spot, causing molten flow
into the cavity after its formation. This situation is particularly
observed across two successive irradiated spots during the laser
scanning of the surface. In this case, the molten material within
the most recently formed spot flows (and slightly fills) the previ-
ously formed cavity in a neighboring location. This modifies the
resulting texture along the laser scanning tracks; consequently, the
texture pattern formed differs along the laser scanning tracks.
However, this variation changes the pillar height slightly, within
the texture. The variation of surface texture can also be seen from
Fig. 2, in which an AFM image and a surface roughness plot are
shown. It can be observed that the measured surface roughness is
of the order of 400 nm and pillar heights are not noted from the
surface roughness graph; consequently, this results in regular tex-
ture patterns, which are formed at the laser-treated surface. More-
over, the molten flows in between the laser scanning tracks are not
observed. This indicates that excessive melting at the surface is
avoided during the laser heating process can be correlated to con-
sequent high quench rates at the surface. In this regard, high pres-
sure nitrogen gas assistance contributes significantly to the
enhancement of cooling rates at the surface. Although the surface
cooling rate is high, no cracks or crack network is observed.

Table 2 Parameters used during PEO process

Surface roughness

Electrolyte
solution

Treatment time
(min)

Current
(A)

Final voltage
(V)

Before treatment
(mm)

After treatment
(mm)

8 g/l silicateþ 4 g/l tungstate 5 2 488 0.18 1.33

Fig. 1 Optical and SEM micrographs of plasma electrolytically
oxidized PEO and after the laser treatment of PEO surfaces:
(a) optical photograph showing laser treated and PEO surface,
(b) laser-treated PEO surface, (c) PEO surface, (d) close view of
laser treated PEO surface, and (e) close view of PEO surface
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This is attributed to the self-annealing effect of recently formed
laser scanning tracks adjacent to the previously formed tracks. Con-
duction heat transfer from the former to the latter modifies the cool-
ing rates in the surface region while lowering thermally induced.

Figure 3 shows SEM micrographs of cross sections of laser
modified (Figs. 3(a), 3(c), 3(e), and 3(f)) and unmodified regions
(Figs. 3(b) and 3(d)). The unmodified sample corresponds to the
plasma electrolytically oxidized workpiece. The oxidized region
extends almost uniformly about 10 lm below the surface, which
indicates the homogenous growth of oxides taking place during
the PEO process. However, three regions can be identifiable
across the cross section of the unmodified PEO-treated workpiece.
A wide range of pores is observed in the first region, which is
associated with the PEO treatment parameters and the electrolyte
composition. In this case, a highly concentrated solution results in
a thick porous layer in the surface region [27]. The second region
consists of the condensed structures and appears below the porous
region. The third region is a thin layer, situated in the interface
between the oxide layer and the untreated substrate material.
Moreover, delamination of the thin porous layer in the surface
region of the oxide film is observed, which contributes to the sur-
face roughness enhancement. In the case of the laser-modified
workpiece cross section, the modified layer extends almost 20 lm
below the surface and, based on the microstructure; it consists of
three distinguishable regions. The first region is composed of a
dense layer, formed of fine grains. Although the fine grains result
in volume shrinkage in the surface region, no microcracks are
observed. The overlapping of the irradiated spots (Fig. 3(a)), due
to the high frequency (1500 Hz) laser pulse repetition, lowers the
cooling rates in the surface region and suppresses thermally
induced crack formation in this region. Consequently, recently
formed irradiated spots act as heat sources and modify the cooling
rates in the surface region during the pulse repetitions. An SEM
micrograph of a cross section of the treated layer (normal to the
laser scanning direction) is also shown in Fig. 3(a). The overlap-
ping of the laser irradiated spots (and the depth of the heated
region due to each spot) is visible in this micrograph. It should be

noted that the 1500 Hz laser pulse frequency results in irregular
overlapping patterns of the heated region. In addition, the porous
structures, as observed at the surface prior to the laser modifica-
tion, are replaced with the dense structure in the surface region.
Close examination of the SEM micrographs reveals that a colum-
nar structure is formed beneath the dense layer and that, although
the width of the columns is small, it increases with increasing
depth below the surface. A demarcation line is clearly observed
between the laser modified zone and the untreated base material.
However, no clear heat affected zone is seen below the demarca-
tion line, which may be attributable to the low thermal diffusivity
of aluminum oxide.

Figure 4 shows an X-ray diffractogram for laser-treated plasma
electrolytic oxidized and PEO surfaces. It can be observed from
the X-ray diffractogram that a-Al2O3 is a major phase of the PEO

Fig. 2 AFM images of laser-treated PEO surfaces: (a) 3D view
of laser textured surface and (b) surface roughness

Fig. 3 SEM micrographs of cross section of laser-treated and
PEO layers: (a) laser-treated layer and heated regions due to
overlapping of laser irradiated spots, (b) PEO layer, (c) dense
layer with fine grains in laser treated layer, (d) cracks in PEO
laser, (e) fine cellular structure in laser treated layer, and (f) fine
columnar structure in laser treated layer

Fig. 4 X-ray diffractogram for the laser treated PEO and PEO
surfaces. AlNO has the composition of Al2.85O3.45N0.56.
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coating, Fig. 4(a). Al peaks with high intensity also appeared in
the XRD pattern, indicating that the PEO coating was relatively
thin and as a result the Al substrate was detected. The intensity of
Al peaks for the PEO coating case was suppressed after laser mod-
ification, suggesting that laser processing increased the overall
thickness of the modified surface region. The peak patterns
changed significantly between 45 deg and 80 deg (2h) which was
caused by formation of new phases AlN and AlON. AlN peaks of
(200), (102), (220), and (222) lattice planes at 2h angles of
45.14 deg, 52.4 deg, 63.83 deg, and 82.73 deg, respectively, as
well as AlON peaks of (311), (400), and (440) correspondingly at
2h angles of 37.14 deg, 46.16 deg, and 63.83 deg are evident in
Fig. 4(b). AlN can be formed through a two-step reaction. In this
case, the first reaction is: Al2O3þ 2C ! Al2Oþ 2CO, which
results in the formation of an aluminum monoxide [36] and the
high pressure nitrogen gas assistance initiates the reaction
Al2OþCOþN2! 2AlNþCO2 in the second step [36]. The car-
bon dioxide formed releases from the irradiated surface during
this process. However, the formation AlON at the surface is possi-
bly explained in terms of high temperature chemical reactions; in
which case, when the surface temperature reaches the melting
temperature of alumina, single aluminum oxide is formed in the
surface region through the following reaction: 2Al2O3 !
4AlOþO2. The oxygen atom remains in the alumina structure
and the presence of N2 initiates the following reaction to form the
AlON phase: 2AlOþN2! 2AlON [37]. The EDX data are given
in Table 3 at two locations on the laser modified and unmodified
surfaces. It is evident that the elemental composition of laser
modified and unmodified PEO surfaces remain uniform in the sur-
face region. The precise quantification of light elements, such as
nitrogen, is difficult in EDX analysis; however, the presence of a
significant nitrogen peak in the EDX spectral data indicates likely
formation of nitride species at the laser treated surface. Micro-
hardness data are given in Table 4 for laser modified, unmodified
PEO-treated, and aluminum 6061 alloy surfaces. The microhard-
ness increases significantly at the surface after laser processing of
PEO, and is considerably higher than the base material (aluminum
6061 alloy) hardness. Moreover, the microhardness of the laser-
modified surface is higher than that of the corresponding oxidized
surface. The increase in the surface microhardness is associated
with the formation of a dense layer, due to localized remelting
and densification at the high cooling rates, where dense oxides
and AlN phase were formed at the surface after the laser treat-
ment—plus AlON process [38]. It should be noted that more work
needs to be done in the future, in terms of formation and analysis
of phase microstructural evolutions induced by the laser surface
modification.

Figures 5 and 6 show friction coefficients of the PEO-treated
laser modified surfaces and the resulting wear scar after scratch

testing. Laser treatment lowers the friction force, which can be
attributed to reduced surface roughness and enhancement of sur-
face microhardness after the laser modification process. The scar
depth is much shallower for the laser processed PEO surface com-
pared to that of the untreated PEO surface (Fig. 6(a)). Close ex-
amination of the micrographs reveals that the scar size is almost
uniform (Fig. 6(b)). It should be noted that the scar length extends
to 5 mm; however, only a small portion is shown in the micro-
graph for comparison purposes. The shallow scar depth is due to
the increased hardness of the surface. In addition, no cracking
around the scar mark is observed. Consequently, the surface frac-
ture toughness reduction due to surface hardness enhancement is
not significant. When comparing the wear scars at the surface due
to laser and PEO treatments, the scar depth is slightly larger for
the PEO treated surface than that of the laser modified surface.
This indicates that the laser processing technique improves signifi-
cantly microstructural integration in the surface region of the
PEO-treated surface. It should be noted that laser-modified surfa-
ces are pre-prepared through PEO treatment prior to laser
treatment.

Figure 7 shows the photographs of droplets for the contact
angle measurement on the laser modified and unmodified PEO
surfaces. One of the parameters for the assessment of the wettabil-
ity of solid surfaces is the contact angle which, on a perfectly
smooth and chemically homogenous solid surface, is formulated
by Young’s equation [39]

cos h ¼ ðcsv � cslÞ
clv

(1)

where h is the contact angle, csv is the interfacial tension of solid–
vapor, csl is the interfacial tension of solid–liquid, and clv is the
interfacial tension of liquid–vapor. However, Young’s equation is
limited to extremely smooth and homogenous surfaces. The for-
mulation of the contact angle including surface roughness effects
should therefore be considered [40,41]

coshw ¼
rðcsv � cslÞ

clv

(2)

where hw is the rough surface contact angle, r is the surface rough-
ness factor, which is defined as the ratio between the actual and
projected surface areas, i.e., r¼ 1 describes a perfectly smooth
surface, and r> 1 represents the degree of roughening. The liquid
surface interface consists of a liquid–solid and liquid–vapor inter-
faces; therefore, the contact angle should include contributions of
the two-interfaces. The equation for the contact angle yields [41]

coshc ¼ f1 cosh1 þ f2 cosh2 (3)

where hc is the apparent contact angle, f1 is the surface fraction of
liquid–solid interface, f2 is the surface fraction of liquid–vapor
interface, h1 is the contact angle for liquid–solid interface, and h1

is the contact angle for liquid–vapor interface. However, for the
air–liquid interface, f1 can be represented as f, which is the solid
fraction, and the air fraction (f2) becomes (1� f). The parameter f
ranges from 0 to 1; in which case, f¼ 0 is where the liquid droplet
is not in contact with the surface and f¼ 1 is where the surface is
completely wetted. It was reported that in the Cassie–Baxter state
[41], the small contact area between the liquid droplet and solid
surface allowed the droplet to roll easily at the surface [42]. In

Table 3 Laser ablation conditions used in the experiment

Scanning speed
(cm/s)

Peak power
(W)

Frequency
(Hz)

Fluence
(J/cm2)

Pulse duration
(ms)

Nozzle
gap (mm)

Nozzle
diameter (mm)

Focus setting
(mm)

N2 pressure
(kPa)

10 2000 1500 1.34� 104 0.33 1.5 1.5 127 550

Table 4 Elemental composition of laser treated and untreated
PEO surfaces obtained from EDS data (wt.%). Spectrum corre-
sponds to a location at the surface and EDS data represent
weight percentile of constituting elements.

Spectrum N Mg O Al

Laser-treated PEO location 1 7.1 0.4 37.2 Balance
Laser-treated PEO location 2 6.8 0.3 39.4 Balance
PEO location 1 0 0.5 38.2 Balance
PEO location 2 0 0.5 40.5 Balance
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practice, the contact mode changes from the Cassie–Baxter state
to the Wenzel state [40], when the surface texture changes or
when the droplets impact at the surface [43], both states can co-
exist on a nanopillared surface such as that developed in the pres-
ent work [44]. However, when a liquid–air interface remains
pinned at the pillars tops, a transition to the Wenzel state is possi-
ble, if the sag in the curved liquid–air interface is such that it
touches the bottom of the groove [45,46]. The laser-modified sur-
face demonstrates primarily the Cassie–Baxter state [41,47]; in
which case, fine textured surface with low surface roughness
results in air pockets occupying the texture gap. This, in turn, gen-
erates hydrophobic surface behavior. The presence of aluminum
nitride in the laser-treated surface contributes to the wetting. In
this case, contact angle increases since the surface energy of AlN
is only 38.3 mJ/m2 while it is 68 mJ/m2 for Al2O3 [48]. Moreover,
the unmodified PEO surface demonstrates primarily the Wenzel

state, which can be attributed to the surface texture of the
untreated workpiece. Although the PEO treatment results in
increased roughness because of the nonuniform current density
across the surface during the process, the surface texture formed
exhibits randomly distributed pillars with different heights. Con-
sequently, air trapped within the texture does not form a perma-
nent interlayer between the workpiece surface and the water
droplets. In some regions of the surface, hydrophobicity of the
surface increases because of closely spaced fine pillars at the sur-
face. However, this occurs randomly and the total area of cover-
age in this region is small for the unmodified surface.
Nevertheless, that surface is composed of consisting of a mixture
hydrophobic Cassie–Baxter and Wenzel states. The contact angle
measurements reveal that the laser-modified surface demonstrates
super hydrophobicity. This can be observed from Table 5, in
which the contact angle data are given. The roughness factor (f)

Fig. 5 Scratch tests results for laser treated PEO surface and PEO surface. (a) Laser treated
surface and (b) PEO treated surface.
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should be within 0� f� 1 for the hydrophobic surfaces, in accord-
ance with Eq. (3). However, super hydrophobicity is only possible
for f values approaching zero. Therefore, f should approach 0
for large contact angles in the Cassie–Baxter state. This situation
is possible when the surface texture is composed of a mixture
of microsized and nanosized dimples and pillars, which in turn
gives rise to the Cassie–Baxter state, with large contact angles
(Table 6).

Conclusions

It has been shown that the texture of a plasma electrolytically
oxidized surface of aluminum 6061 alloy consists of irregular dis-
tributions of dimples and pillars, which lowers the hydrophobicity
at the surface. Controlled laser ablation modification results in
regular texture patterns along the laser scanning tracks. The laser-
treated surface consists of micropillar—and nanopillar, which
reduce the wetting state of the surface significantly; in this case,
the Cassie–Baxter state dominates over the surface and super
hydrophobic characteristics result. The laser-treated surface is
free from large asperities and cracks, despite the cooling rate
being high at the surface. Heat transfer from overlapping of irradi-
ated spots with their near neighbors suppresses the thermal strains
developed along the scanning tracks. In addition, recently formed
laser tracks create a self-annealing effect in the adjacent, previ-
ously formed, tracks through conduction heat transfer, while also
modifying the surface cooling rate within the surface vicinity.
Although high pressure nitrogen gas assistance contributes to the
cooling rate at the surface, its presence also initiates the formation
of nitride species, such as AlN and AlON. A dense, fine grained
layer is formed at the surface, whilst a columnar structure is
retained below the dense layer. The demarcation zone between
the laser-treated region and base material can be clearly observed;
however, a heat affected zone is not visibly due to the high ther-
mal diffusivity of the aluminum alloy substrate. Microhardness
increases in the laser modified PEO surface, which is associated
with the contribution of the high cooling rate (and formation of
nitride species) to the surface hardness of the laser-treated
workpiece.
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