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a b s t r a c t

Laser treatment of hot pressed mixture of aluminum (85 wt%) and B4C (15 wt%) is carried out.
Metallurgical and morphological changes at the laser treated surface are examined using the analytical
tools. Microhardness and fracture toughness of the workpiece surfaces are determined prior to and after
the laser treatment process. Texture and hydrophobicity of the laser treated surface is assessed
incorporating the atomic force microscopy and contact angle measurements. It is found that a dense
layer consisting of fine grains of sub-micron sizes (0.8–0.4 μm) and B4C particles is formed at the laser
treated surface. Microhardness increases at the laser treated surface because of the presence of the dense
layer and the formation of AlN compounds at the surface. Fracture toughness of the laser treated surface
reduces slightly because of the microhardness enhancement at the surface. The textures of the laser
treated surface compose of micro/nano poles, which result in higher contact angles than that of the
untreated surface, and formation of AlN compound adds to the surface hydrophobicity enhancements.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Aluminum alloys are widely used in industry due to their low
density despite their low tribological properties at the surface.
However, further improvement of tribological properties is neces-
sary to extend the life span of the parts made from aluminum,
particularly, for wear applications. Although the blend of hard
particles in the alloy improves the surface properties [1], because
of the large differences in mechanical and thermal properties
between the alloy and the hard particles limit the practical
applications of the parts produced from the blend of aluminum
alloy and hard particles [2]. Laser surface treatment is one of the
techniques, which can be electively used to improve tribological
properties of the alloy surface. In addition, it provides advantages
over the conventional treatment methods despite low absorption
coefficient of the aluminum alloy surface. Some of these advan-
tages include precision of operation, fast processing time, local
treatment, and low cost [3]. Laser controlled melting process
provides thermal integration of the hard particles and aluminum
in the mixture composite, which in turn further improves tribo-
logical properties of the composite. However, high cooling rates
and shallow treatment layer result in the development of high
stress levels in the laser treated layer. Although high residual

stress contributes to microhardness improvement, it has an
adverse effect on the fracture toughness of the surface. In addition,
high stress levels can cause asperities such as micro-cracks and
crack networks at the laser treated surface. Laser surface treat-
ment changes the texture of the surface while influencing the
wetting characteristics. In this case, hydrophobicity of the surface
can be modified after the laser treatment process. Consequently,
investigation of the surface characteristics of the laser treated
aluminum based composite blended with the hard particles
becomes essential.

Considerable research studies were carried out to examine
laser treatment of aluminum alloys [3–11]. Some of the research
studies were focused on structural and mechanical characteristics
of the laser treated aluminum alloys [3–7]. Structural changes in
the laser cladded aluminum alloy surface were examined by
Pokhmurs'ka [3]. He showed that the melting started for relatively
low intensities of laser beams at the interface of the alloy and the
melting propagated towards the bulk of the alloy as the heating
period progressed. As the intensity of laser irradiation increased,
the melting started from the surface and the thickness of the
re-melted and recrystallized layer increased. Laser surface alloying
of alloys, including aluminum alloy, was studied by Kogan [4]. He
demonstrated that the structure, phase, and chemical composition
of the zones of hardening could be determined by the process
parameters and the laser treatment of aluminum alloys allowed
hardening zones with a hardening range from 500 to 800 HV at
the surface. Laser treatment and retardation of fatigue crack
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growth in aluminum alloys was studied by Schnubel et al. [5].
Their findings revealed that substantial retardation of fatigue crack
growth could be achieved through a laser treatment process. The
plastic damage in aluminum alloy due to pulsed laser heating was
investigated by Qin et al. [6]. They indicated that the plastic
damage occurred in the top layer of the plate, where the residual
radial stress was tensile and the magnitude of residual radial stress
in the plastic damage region became significantly high when the
Gaussian beam profile was used. Plastic deformation due to the
laser heating of a metal plate was examined by Chen et al. [7].
They showed that the plastic zone outspreaded gradually and
extended across the depth of the metal at high laser power
intensities.

Metallurgical changes in the laser treated layer have been a
research interest for improvement of surface properties including
microhardness and wear resistance [8–11]. Metallurgical changes at
the laser treated aluminum surface during laser shock processing were
studied by Schneider et al. [8]. They modeled the growth of voids in
incipient spalling by dislocation loop emission from the void surface
and they proposed the first dislocation-based void growth mechanism
by incorporating the three dimensional consideration. Laser cladding
of Fe–Cr–C alloy on the aluminum alloy surface was carried out by
Iwatani et al. [9]. They demonstrated that the number of cracks in the
clad layer decreased with decreasing hardness and formation of the
ferrite in the austenite phase was achieved by controlling the dilution
ratio and the carbon content of the cladding material. In addition, the
clad layer exhibited a higher wear resistance compared with the
aluminum alloy. The microstructural changes in laser induced
ceramic coatings on aluminum alloys were studied by Kadolkar
and Dahotre [10]. They indicated that, by controlling the process
parameters, it was possible to produce varied microstructures at the
surface according to the requirements of a specific application.
Microstructural study due to laser treated aluminum alloy surface
was presented by Araujo et al. [11]. They demonstrated that the heat
affected zone was shallow and, due to temperature range across the
heat affected zone, which was in between 548 and 596 1C, α-liquid
phases took place in this region during the processing.

Laser treatment alters the surface texture of the treated layer;
in which case, surface hydrophobicity could change drastically.
Although considerable research studies were carried out to exam-
ine the surface hydrophobicity of the aluminum alloys, only little
work was reported on laser treatment and surface hydrophobicity
of the aluminum alloys [12]. Aluminum has ionic metal character-
istics and demonstrates some hydrophobic feature at the surface.
Hydrophobic behavior of the surfaces becomes important because
of the requirements of anti-sticking, anti-contamination, and self-
cleaning of surfaces in practice. Surface hydrophobicity can be
improved through creating surface textures at nano/micro sizes
while mimicking some natural plants such as lotus leaves, rice
leaves, red rose petals, fish scales, etc. [13–17]. In addition, surface
free energy of the substrate material plays an important role for
the surface hydrophobicity. Therefore, the surface energy can be
reduced through altering chemical composition of the substrate
material and forming new compounds at the surface. Although
many techniques are proposed and strategies are introduced to
enhance the hydrophobicity of the surfaces [18–26], not all of
these techniques have the practical or cost effective applications
due to the involvement of multi-step procedures and harsh
conditions. However, surface texturing during laser treatment
may offer less challenges with cost effective texturing, which is
particularly true when high pressure nitrogen assisting gas is
introduced during the processing [12]. In this case, nitride com-
pounds can be formed at the surface while reducing to surface free
energy towards increasing the surface hydrophobicity [12].

Although laser surface treatment of engineering alloys is
carried out previously [27–30], surface treatment of aluminum

composite with presence of the hard particles is left for the future
study. Therefore, in the present study, laser controlled melting of
aluminum composite pellets is carried out. Aluminum pellets are
formed from the mixture of 85% (wt) high-purity aluminum and
15% B4C (wt) particles through the hot pressing. Laser treated
surfaces are examined incorporating the analytical tools including
scanning electron microscope, atomic force microscopy, energy
dispersive spectroscopy, and X-ray diffraction. Microhardness and
fracture toughness of the resulting surfaces are evaluated through
the indentation tests. Surface hydrophobicity is assessed by the
contact angle measurements. The scratch tests are carried out to
determine the scratch resistance of the laser treated surface.

2. Experimental

The workpieces were formed from high-purity aluminum
mixed with 15% commercial-grade B4C powders with 99% purity.
The workpieces were in a circular pellet form of 25.4 mm in
diameter and 3 mm in thickness. Aluminum powders had particle
size in the order of 200 mm and B4C powders had median size of
2 mm. To prepare the pellets, B4C and aluminum powders were
mixed in isopropyl alcohol. The slurry was, then, ultrasonically
shook to achieve homogeneity for 30 min. The pellets were
compacted through sintering, hot-pressing, and hot isostatic
pressing. The pellets were cold-pressed at 60 MPa, provided that
the higher pressures resulted in undesirable striations in the
compacts and they were sintered in a vacuum furnace at a
temperature within the range of 450 1C and a pressure of
200 MPa in an environment pressure of 5�10�2 Pa for thirty
minutes [31]. Hot isostatic pressing were performed in accordance
with the maximum temperature (1100 1C) for 30 min hold at
200 MPa argon environments. Heating and cooling rates of
50 1C/min were used at 200 MPa. The pellets were furnace cooled
under the vacuum conditions.

The CO2 laser (LC-ALPHAIII) delivering a nominal output power
of 2 kW was used to irradiate the workpiece surface [32]. The
nominal focal length of the focusing lens was 127 mm and the
diameter of the laser beam focused at the workpiece surface
was�0.3 mm. The laser intensity distribution at the irradiated
spot is Gaussian. Nitrogen gas used as the assisting gas was
applied co-axially with the laser beam using a conical nozzle
and the laser treatment was repeated several times using different
laser parameters. Laser parameters resulting in controlled melting
of the surface with a minimum of surface defects, such as very
small cavities without crack networks, were selected and the laser
treatment conditions are shown in Table 1. The laser treatment is
repeated several times to ensure the repeatability of the surface
texture and structures. The workpiece surface was scanned by a
laser through a circular orientation as shown in Fig. 1. This
arrangement provides self-annealing effect of the recently formed
laser tracks on the previously formed tracks.

Material characterization of the laser treated surfaces was
conducted using an optical microscope, SEM, EDS, and XRD. A Jeol
6460 Scanning Electron Microscope was used for SEM examina-
tions and a Bruker D8 Advanced X-ray Diffractometer using CuKα
radiation was used for XRD analysis. Typical settings of the XRD

Table 1
Laser heating conditions used in the experiment.

Scanning
speed
(mm/min)

Peak
power
(W)

Frequency
(Hz)

Nozzle
gap
(mm)

Nozzle
diameter
(mm)

Focus
setting
(mm)

N2

pressure
(kPa)

600 1500 1000 1.5 1.5 127 550
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were 40 kV and 30 mA with the scanning angle (2θ) ranging from
201 to 801. Surface roughness measurement of the laser-melted
surfaces was performed using an Agilent 5100 AFM in the contact
mode. The tip was made of silicon nitride probes (r¼20–60 nm)
with a manufacturer specified force constant, k, of 0.12 N/m.

A Microphotonics digital microhardness tester (MP-100TC) was
used to determine the microhardness at the surface. The standard
test method for Vickers indentation hardness of advanced cera-
mics (ASTM C1327–99) was adopted. Microhardness was mea-
sured at the surface of the workpiece after the laser treatment
process and the measurements were repeated five times at each
location to determine the consistency of the results. The error
estimated for the measurements is in the order of 4%.

A linear micro-scratch tester (MCTX-S/N: 01–04300) was used
to determine the scratch resistance and friction coefficient of the
laser treated and untreated surfaces. The equipment was set at a
contact load ranging from 0.03 N to 5 N. The scanning speed was
5 mm/min with a loading rate of 5 N/s and the total length for the
scratch tests was 5 mm. The scratch tests were repeated three
times for consistency of the data. The error related to the friction
coefficient due to the repeatability of the experiment is within 5%.

The wetting experiment was performed using a Kyowa (model -
DM 501) contact angle goniometer. The static sessile drop method
was adopted for the contact angle measurement. The water contact
angle between a water droplet and the heat treated surface was
measured with de-ionized water used as the fluid medium. Droplet
volume was controlled with an automatic dispensing system having
a volume step resolution of 0.1 μl. Still images were captured, and
the contact angle measurements were performed with one second
duration of deposition of a water droplet on the surface.

The fracture toughness of the surface was determined using the
indenter test data for microhardness (Vickers) and crack inhibit-
ing. In this case, microhardness in HV and the crack length
generated due to indentation at the surface were measured. The
length (l) measured corresponds to the distance from the crack tip
to the indent. The crack lengths were individually summed to
obtain ∑l as described in a previous study [33]. The crack length
“c” from the center of the indent was the sum of individual crack
lengths (∑l) and half of the diagonal length of the indent “2a”.
Therefore, c¼aþ∑l. However, depending upon the ratio of c=a,
average of equations was developed to estimate the fracture
toughness (K). However, the equation proposed by Anstis et al.
[34] has limitations due to nonlinearity of the coefficients for
values of c=a42, which is not applicable for tungsten carbide
(E 2.5–4.5). Therefore, the equation proposed by Evans and
Charles [35] was used to determine the fracture toughness (Kc),
which is applicable for ð0:6rðc=aÞr4:5Þ, i.e.,

Kc ¼ 0:079
P
a

� �1:5

: log 4:5P
a
c

� �
ð1Þ

where P is the applied load on indenter, c is the crack length, and a
is half of the diagonal length of the indent. Table 2 shows the data
used for the fracture toughness calculations.

3. Results and discussion

Laser controlled melting of aluminum based composite mixed
with B4C hard particles is carried out. Surface characteristics
including metallurgical changes, surface texture, microhardness,
fracture toughness, scratch resistance, and hydrophobicity are
assessed after the laser treatment process.

3.1. Morphological and metallurgical changes

Fig. 2 shows optical photograph of laser treated surface while
Fig. 3 shows SEM micrographs of the laser treated surface. Since
the laser treatment is carried out through rotational scanning of
the workpiece surface by a laser beam, laser treated area has a
circular feature. In general, the laser treated surface composes of
regular laser scanning tracks, which is formed through overlap-
ping of the laser irradiated spots at the surface. It should be noted
that high frequency (1500 Hz) repetitive laser pulses are used to
irradiate the surface during the controlled melting. The over-
lapping ratio of the consecutive laser pulses is 72% at the surface,
which provides continuous melting at the surface. Since the laser
intensity distribution is Gaussian at the irradiated surface, the
peak intensity occurs at the center of the irradiated spot. This, in
turn, causes a small size local evaporation at the surface. However,
the molten flow from the irradiated spot modifies the previously
formed cavity at the surface; consequently, large scale cavity
formation does not take place at the surface. The photo-induced
nonlinear optical effects cause enhance electron–phonon harmo-
nic behavior, which may cause heating enhancement in the
irradiated surface; however, this effect is referred to [36,37]. Since
surface melting is carried out under the controlled environment,
no molten flow is observed across the laser scanning tracks.
Although the cooling rate is high at the surface, no micro-crack
or crack network is observed from the SEM micrograph. This is
associated with the self-annealing effect of the lately formed laser
tracks on the previously formed tracks. In this case, heat conduc-
tion from the lately formed tracks towards the initially formed
tracks modifies the cooling rates in the surface vicinity. In addition,
laser controlled melting modifies the structure at the surface; in
this case, fine grains are formed after the re-solidification and after
close examination of several SEM images, the grain size is
estimated in the order of 0.8-0.4 μm. Since the surface tempera-
ture remains below the melting temperature of B4C, hard particles
remain in solid phase during the laser melting process. It should
be noted that the melting temperature of B4C (2645 K [38]), which
is higher than the melting temperature of the aluminum alloy
(933 K [37]). Grain refinement at the surface results in volume
shrinkage and dense layer formation in the surface region of the
laser treated layer. Although thermal expansion coefficients of B4C
(5�10�6 1/1C [39]) and aluminum (22.2�10�6 1/1C [40]) are
different, no micro-cracks are observed around the hard particles
after the re-solidification of the surface, which is associated with
the self-annealing effect of the lately formed laser scanning tracks

Fig. 1. Schematic view of laser scanning at the workpiece surface. Since the
schematic view is shown, heating coloration is shown schematically without
temperature bar.

Table 2
Fracture toughness and data used for fracture toughness calculations.

P (N) a (mm) c (mm)

As-received Surface 5 30 5
Laser treated Surface 5 20 50
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on the initially formed tracks. Therefore, micro-stresses formed in
the near region of the hard particles are modified through the self-
annealing effect of the lately formed laser tracks.

Fig. 4 shows the SEM micrographs of the cross-section of the
laser treated layer. The laser treated layer extends uniformly about
40 μm below the surface, which is free from the large scale
asperities such as large scale cracks and voids. The dense layer is
formed at the surface, which consists of fine grains and the hard
particles. The close examination of SEM micrographs reveals that
no voids or micro-cracks are formed in the close region of the hard
particles. Although the surface texture of the hard particles
possesses hydrophobicity, the slow rate of solidification sup-
presses the void formation around the hard particles. Conse-
quently, self-annealing effect generated, due to circular scanning
of the laser beam at the surface, suppresses the solidification rate
in the laser treated layer. The use of high pressure nitrogen as an
assisting gas results in formation of AlN compound at the surface,
which can be observed from the X-ray diffractogram of the laser
treated surface as shown in Fig. 5. In the region next to the dense
layer, dark inclusions are observed. This is associated with the
grain structure persisting in α-liquid region, which indicates
incomplete reach of liquid phase in this region [11]. As the depth
below the surface increases, small size cellular structure is

observed, which typically appears in cast aluminum alloys [41].
The dendritic structures are formed in the region close to the heat
affected zone because of the relatively higher cooling rates than
that corresponding to the heat affected zone. In this case, rapid
quenching is responsible for the formation of the dendritic
structures in the interfacial region of the heat affected zone.
As the depth below the surface increases further, grain size
increases demonstrating the presence of the heat affected zone.
Table 3 shows EDS data obtained for different locations at the laser
treated surface. The elemental composition remains almost uni-
form at the laser treated surface. Although the quantification of
light elements are difficult from the EDS data, presence of nitrogen
is evident. This indicates the nitride compound formation at the
surface, which is in agreement with the X-ray diffractogram
(Fig. 5).

3.2. Microhardness, fracture toughness, and scratch resistance

Table 4 shows microhardness and fracture toughness of the
laser treated and untreated surfaces. Microhardness increases
significantly after the laser treatment process. This is attributed
to one or all of the followings: (i) formation of the dense layer in
the surface region due to the high cooling rates, (ii) AlN compound

Fig. 2. Optical images of laser treated and untreated workpiece surfaces.
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formation at the surface because of the high pressure nitrogen
assisting gas, and (iii) micro-stresses formed around the hard
particles because of the mismatch of the thermal expansion
coefficients between B4C and aluminum. It should be noted that
microhardnes measurements are repeated five times at different
locations on the surface. The experimental error based on the
repeatability of microhardness data is in the order of 8%. The
variation of microhardness across the laser treated surface can be
explained in terms of: (i) the non-uniform distribution of B4C
particles at the surface, (ii) non-uniform cooling of the surface
during the laser scanning, and (iii) non-uniform distribution of AlN
compounds. Fracture toughness of the surface reduces slightly
after the laser treatment process. This can be related to the dense
layer formation at the surface, which enhances microhardness and
lowers the fracture toughness. In addition, the micro-stresses
formed in the region of B4C particles contribute to the fracture
toughness reduction at the surface. The fracture failure normally
takes place at the surface under tension; however it can also occur
due to surface compressive stresses when the crack tip exceeds the
sum of theoretical strength. The percentage difference of the
fracture toughness between the laser treated surface and the
untreated surface is about 12%.

Fig. 6 shows the scratch test results used to determine the
friction coefficient of the laser treated and untreated surfaces
while Fig. 7 shows the scar marks resulting from the scratch tests
for laser treated and untreated surfaces. The laser treated surface
results in lower friction coefficient than that corresponding to the
untreated surface, the reduction in the friction coefficient is
attributed to the low surface roughness and high hardness of the
laser treated surface. The optical image for the scratched marks
shows that the scar size remains almost uniform along the tested
surface and the depth of the scar marks is considerably shallow for
the laser treated surface. However, the presence of hard particles
alters the scar depth and the scar marks at the surface; in which

case, scar depth reduces and scar size becomes narrow at the
surface. This observation is also valid for untreated workpiece
surface.

3.3. Surface hydrophobicity

Fig. 8 shows images of atomic force microscope for the laser
treated surface. The laser treated surface has the texture compos-
ing of micro/nano poles. The average surface roughness is in
between 0.4 and 0.7 mm. The presence of micro poles can be
associated with the small scale ablation of the surface and the
presence of the hard particles, which can also be observed from
Fig. 4, in which SEM image of the laser treated surface is shown.
In addition, sub-micron size and closely spaced fiber like texture is
also evident from the image of the atomic force microscope. On
the other hand, the hydrophobicity of the laser treated and
untreated surfaces can be assessed through measuring the contact
angle of the water droplet; in which case, the contact angle of the
water droplet on a perfectly smooth and chemically homogenous
solid surface can be written in terms of Young's equation [42]:

cosθ¼ ðγsv�γslÞ
γlv

ð2Þ

where θ is the contact angle, γsv is the interfacial tension of the
solid-vapor interface, γsl is the interfacial tension of the solid-
liquid interface, and γlv is the interfacial tension of liquid-vapor
interface. However, the practical application of Young's equation is
limited because of the non-uniform surface texture and chemically
heterogeneous structures formed at the surface. Wenzel [43] and
Cassie and Baxter [44] proposed an equation including the rough-
ness factor to overcome this limitation. Wenzel formulation
incorporates the liquid penetration into the rough texture and

Fig. 3. SEM micrographs of laser treated and untreated surfaces: (a) Laser treated surface and texture, (b) Laser treated surface and fine structures, (c) Untreated surface and
texture, (d) Untreated surface and hard particles (B4C).
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expresses the contact angle as follows [43]:

cosθw ¼ rðγsv�γslÞ
γlv

ð3Þ

where θw is the rough surface contact angle, and r is the surface
roughness factor, which is defined as the ratio between the actual
and projected surface areas, where r¼1 for a perfectly smooth

Fig. 4. SEM micrograph of cross-section of laser treated region with specific regions: (A) Fine grains with B4C particles, (B) Dendritic structures, and (C) Heat affected zone.

Fig. 5. X-ray diffractogram of laser treated surface.

Table 3
Elemental composition of laser treated surface obtained from EDS data (wt%).
Spectrum corresponds to a location at the surface and EDS data represent weight
percentile of constituting elements.

Spectrum N B O Al

Spectrum 1 5.3 15.1 4.2 Balance
Spectrum 2 6.4 14.7 2.4 Balance
Spectrum 3 6.5 14.9 3.2 Balance
Spectrum 4 5.9 15.3 3.1 Balance
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surface and r41 for a rough surface. However, the interface of the
liquid droplet composes of liquid–solid and liquid–vapor inter-
faces and the contact angle of both interfaces needs to be
considered in the contact angle formulation. The contact angle
formulation, therefore, can be expressed as [44,45]:

cosθc ¼ f 1cosθ1þ f 2cosθ2 ð4Þ

where θc is the apparent contact angle, f1 is the surface fraction of
the liquid–solid interface, f2 is the surface fraction of the liquid–
vapor interface, θ1 is the contact angle of the liquid–solid interface,
and θ2 is the contact angle for liquid-vapor interface. In the case of
an air–liquid interface, the air fraction (f2) becomes (1� f1). For
f1¼0, the liquid droplet is not in contact with the solid surface and
for f1¼1, the droplet completely wets the surface. The optical
image of the water droplet used for the contact angle measure-
ment is shown in Fig. 9 for laser treated and untreated surfaces
while Table 5 shows the contact angles measured at the laser
treated and untreated surfaces. The values of the contact angle
changes at different locations at the surface, which is related to the
surface roughness variation and the different texture compositions
across the laser treated surface as consistent with the previous
study [12]. However, the water droplet remains in a Wenzel state
at the rough surface; in which case, the contact angle remain low,
as observed from the optical photograph (Fig. 9). Consequently, the
water droplet penetrates through the surface texture having the
large pole heights and large pole spacing. This situation occurs
only twice out of ten tests at the surface. The contact angle
remains higher for the laser treated surface than that of the
untreated surface. This is associated with the laser induced
texturing of the surface and the presence of AlN compound at
the surface, which is formed during the laser treatment process.
In this case, the surface free energy of AlN is 38.3 mJ/m2 [46] when
compared to 93.9 mJ/m2 for Al [47]. The low surface energy of AlN
(γsl) enhances the contact angle for the laser treated surface.
In addition, the fine texture with nano/micro poles promotes the
presence of air pockets in between the water droplet and the
surface. Consequently, the Cassie and Baxter state, mainly, occurs

at the laser treated surface; therefore, f in Eq. (4) remains low for
large contact angles. Hence, laser treatment provides the surface
texture consisting of fine size poles with narrow widths of micro/
nano sizes. Although Wenzel state occurs across some regions of
the laser treated surface, the Cassie and Baxter state covers a larger
area at the surface than that corresponding to the Wenzel state.

4. Conclusions

Laser treatment of hot pressed aluminum (85 wt%) and B4C
(15 wt%) composite surface is carried out. Morphological and
metallurgical changes at the laser treated surface are examined
using electron scanning and optical microscopy, energy dispersive
spectroscopy, and X-ray diffraction. Hardness and fracture tough-
ness of the laser treated surface are determined using the
indentation tests. Surface texture and hydrophobicity of the laser
treated surface is assessed incorporating the atomic force micro-
scopy and contact angle measurements. It is found that the laser
treated surface composes of laser scanning tracks with circular
geometric orientation. The overlapping ratio of the laser irradiated
spots at the surface is in the order of 72%, which provides
continuous melting at the surface. Laser treated surface is free
from large scale asperities such as large cracks and cavities. Since
the laser beam intensity is Gaussian across the irradiated spot,
small scale local evaporation takes place at the irradiated surface.
This results in a surface texture composing of micro/nano size

Table 4
Microhardness and fracture toughness at the workpiece surface prior to and after
the laser treatment process.

Hardness (HV) Fracture toughness (MPa
ffiffiffiffiffi
m

p
)

As received surface 220 (þ10/�10) 11.570.2
Laser treated surface 900 (þ20/�20) 9.570.4

Fig. 6. Scratch test results for: (a) Untreated workpiece surface, and (b) Laser treated surface.

Fig. 7. Images of scratch marks on laser treated and untreated surfaces.
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poles. The self-annealing effect of the lately formed laser tracks
alters the cooling rates at the surface; in which case, micro-crack
or crack-network formation is avoided at the laser treated surface.
A dense layer consisting of fine grains and B4C particles is formed
at the laser treated surface. Although thermal expansion coeffi-
cients of aluminum and B4C particles are different, no micro-
cracks or crack-network is observed in the dense layer. In addition,
no void appears around the hard particles because of the volume
shrinkage in the dense layer. The dendritic structures are formed

Fig. 8. FAM images of the laser treated surface: (a) Three-dimensional view of texture, (b) Image for surface roughness measurement, and (c) Surface roughness along the
line (1) and (2).

Fig. 9. Images used for contact angle measurements.

Table 5
Contact angles measurement results prior to and after the laser treatment.

Contact angle (deg.)

Low roughness High roughness

Laser treated surface 124.2 (þ5/�5) 86.1 (þ5/�5)
Untreated surface 63.5 (þ5/�5)
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in the region below the dense layer and the size of the dendrites
increases in the near region of the heat affected zone. The grain
size enlargement takes place in the heat affected zone due to the
low cooling rates in this region. Microhardness increases at the
laser treated surface because of the presence of the dense layer
and the formation of AlN compounds at the surface. However,
fracture toughness reduces slightly because of the microhardness
enhancement at the surface. The laser treated surface results in
lower friction coefficient than that of the untreated surface, which
is attributed to the low surface roughness and high hardness of the
laser treated surface. In addition, the scratched marks remain
almost uniform along the tested surface and the depth of the scar
marks is considerably shallow for the laser treated surface. The
laser treated surface texture composes of micro/nano size poles,
which influence the surface hydrophobicity of the laser treated
workpieces. In this case, laser treated surface results in larger
contact angles than that of the untreated surface. This is associated
with the surface texture and formation of AlN compounds, which
has low surface energy than aluminum.
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