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Treatment Techniques on Aluminum

to Modify the Surface Wetting Properties
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Di�erent techniques of surface treatment are employed to modify the physical properties of aluminum surfaces.
Experimental data report measurements of water wetting ability in aluminum surfaces treated with six di�erent
techniques: polishing, sanding, acid attach, laser ablation, ion implantation and nanoparticle deposition. Surfaces
can be modi�ed as a function of the di�erent treatment parameters. Treatment duration, roughness and morphology
play an important role in determining the properties from hydrophobic to hydrophilic behavior.
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1. Introduction

Di�erent chemical and physical treatments can be em-
ployed to modify the wetting ability of Al surfaces, such
as thermal oxidation, mechanical rolling, ion implanta-
tion, laser ablation, and chemical etching. In this study
the wet ability of the Al surface as a function of di�erent
treatments is investigated and discussed.
Aluminum is a soft and ductile metal, with a white

color; it is the third most abundant element in the
Earth crust; it is highly reactive and generally is found
as aluminum oxides and sulfates. It has a low density
of 2.7 g/cm3, a melting point of 660 ◦C, a thermal con-
ductivity of 237 W/mK, an electrical resistivity at room
temperature of 28 nΩm, a Mohs hardness of 2.75 and a
Young's modulus of 70 GPa [1]. It is able to resist to
corrosion due to the phenomenon of oxygen passivation.
The excellent corrosion resistance is due to a thin surface
layer of Al2O3 that forms when the metal is exposed to
air. The corrosion resistance is also often greatly reduced
by aqueous salts, particularly in the presence of dissimi-
lar metals. Structural components made from aluminum
and its alloys are vital to the aerospace industry and are
important in other areas of transportation and structural
materials. The aluminum coverage of di�erent materials
is used as anti-corrosion of surfaces. Aluminum foil is
widely regarded as the most e�ective material in �exi-
ble packaging, giving almost perfect protection against
light and suppressing any transport of matter through
the �lm. A polished �lm of aluminum serves as a good
re�ector (approximately 92%) of visible light and an ex-
cellent re�ector (as much as 98%) of medium and far
infrared radiation [2].
Aluminum can be used in several �elds: transportation

(automobiles, aircraft, railway, bicycles, etc.), packaging,
building construction (windows, doors, etc.), household

*corresponding author; e-mail: lorenzo.torrisi@unime.it

items (cooking utensils), electronics (transmission lines,
substrate materials, LED support, etc.), chemistry, opti-
cal coating and mirrors.
The wet ability of Al surface is important for all of

these applications, such as the request of hydrophobic
(contact angle higher than 90◦) Al surfaces for food con-
tainer, the hydrophilic (contact angle lower than 90◦)
surfaces for Al�Al and Al�other materials welding and
interface preparation [3].

2. Experimental section

Experiments were conducted on pristine aluminium
obtained by mechanical rolling to a �nal thickness
of 300 µm characterized by a mean roughness of 0.1 µm.
In these investigations six treatments were studied to

modify the surface wetting ability. They are based on:
polishing, sandblasting, chemical etching, laser ablation,
ion implantation and deposition of metallic nanoparticles
on the surface.
The polishing was obtained mechanically with high-

speed rotary polisher up to obtain a mirror �nished sur-
face; the sandblasting was used with 10 µm sized silica
powder �uxed by air at about 100 m/s �nal velocity;
chemical etching was obtained using HCl at 10% concen-
tration in water deposited for a �xed time on the surface
followed by water removing; for the laser ablation exper-
iments, an Nd:YAG laser operating at 1064 nm wave-
length, 200 mJ maximum pulse energy, 3 ns pulse du-
ration, 10 Hz repetition rate and 1 cm2 spot surface;
ion implantation uses 2 keV Ar+ ions at 20 µA current
emitted by an ion gun. Ti, Cu, Ag and Au nanoparti-
cles with 50�100 nm in diameter and a concentration of
5 mg/10 ml in water have been deposited as water drops
on the Al samples. Nanoparticles were obtained by laser
ablation of the di�erent elements in water at the Laser
Laboratory of Plasma Physics of Messina University.
The method used for the measurement of the contact

angles is the �sessile drop� method which involves the
measurement of the pro�le of a drop of liquid resting on
a solid surface [4]. It consists essentially in the measure
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of the contact angle between the tangent to the pro�le
of a distilled water drop, deposited on the sample sur-
face, and the surface itself. The contact angles of liquid
droplets (1 µl water deposited on the surface by means
of a micro-liter syringe) were measured directly using a
webcam aligned to the eyepiece of an optical microscope
that records video and captures photos of the system
formed by the solid sample (housed in a movable sample
holder) and the liquid drop. Suitable software permits to
measure the contact angle using the line �tting the sur-
face level and the line tangent to the deposited drop in
the initial curvature points from the horizontal surface.
The contact angle measurement is performed 10 times
before to give the average �nal value. Generally mea-
surements are a�ected by an error of about 10%.
The roughness measurements were performed using a

Tencor P-10 surface pro�ler using a micrometric mobile
tip with 1 mg force scanning the sample surface. The sys-
tem has a 10 nm depth resolution and 1 µm lateral resolu-
tion during the scanning of the sample surface. The sur-
face roughness was measured using the average peak-to-
peak distance of the roughness pro�le.
Scanning electron microscopy (SEM) was performed by

using a 20 keV electron beam produced by a Fei Quanta
� model Inspect S microscope at the Physics Depart-
ment of Messina University.
The evaluation on the ion range and sputtering yield

due to the Ar ion implantation treatment was obtained
using the international SRIM Code of Ziegler [5].

3. Results

Polishing treatment. The process used to polish alu-
minum has to match the amount of tarnish and roughness
of a given surface removing the hard oxidized aluminum
patina. Mechanical polishing techniques using hard abra-
sives tend to scratch, smear, or even embed abrasive par-
ticles in the material surface [6]. We have adopted abra-
sive silicate grains from micrometric to sub-micrometric
sized dispersed in a chemical-mechanical polishing solu-
tion employed to polish optical components. The pol-
ishing of Al surface prolonger for some hours has trans-
formed it in a very re�ective surface becoming it so as
a mirror. Figure 1 shows a comparison of a SEM image
in pristine (a) and polished surface (b). The same �gure
shows the typical roughness pro�le in the pristine (c) and
polished (d) surface, valuated of 0.1 µm and 0.028 µm,
respectively. In the �gure bottom it is possible to ob-
serve the photo comparison between the water drop on
the pristine (e) and on the polished surface (f). The mea-
sured contact angle at room temperature was 95◦ and 99◦

for pristine and polished surface, respectively. Thus the
treatment increases the contact angle enhancing the hy-
drophobicity of the Al surface.
Sandblasting treatment. The sandblasting process has

been obtained spraying SiO2 micrometric particles, less
than 10 µm in diameter, against the Al surface in air [7].
The abrasive microparticles were accelerated by a fast

Fig. 1. Comparison of a SEM image in pristine (a) and
polished surface (b), typical roughness pro�le in the
pristine (c) and polished (d) surface, and comparison
between the water drop photo on the pristine (e) and
on the polished surface (f).

nitrogen �ux to about 100 m/s and they hit the sub-
strate orthogonally to its surface. The treatment time
was varied from 30 s up to 3 min and a surface clean-
ing in high pressure air was performed at the end of the
process. Figure 2 shows a comparison between the SEM
images of an Al surface treated using sandblasting for
30 s (a) and 3 min (b), their pro�le of surface roughness
at 1 min (c) and 3 min (d) and the optical images of the
water drop for minor (d) and prolonger treatment (e)
from which it is possible to measure the wetting ability.
The average roughness is 3 µm and 4.5 µm for 30 s and
3 min sandblasting, respectively, while the contact angle
from the initial 95◦ measured in the pristine surface de-
creases to 85◦ at 30 s sandblasting treatment and up to
63◦ at 3 min sandblasting, demonstrating that the long
treatment increases the hydrophilicity of the Al surface.
Chemical etching treatment. HCl at 10% in water vol-

ume was deposited on the Al surface at room tempera-
ture (22 ◦C) for di�erent times from 30 s up to 10 min
and just after removed with water. The reactions

2Al + 6HCl→ 2AlCl3 + 3H2;

Al2O3 + 6HCl→ 2AlCl3 + 3H2O (1)
may occur at the surface, removing the aluminium ox-
ide and the �rst Al layers [8]. The surface is chemically
etched in preferential points from which the reactions
start to di�use super�cially. Figure 3 shows a typical
SEM image, of the centres of initial chemical attaches,
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Fig. 2. Comparison between the SEM images of an
Al surface treated using sandblasting for 30 s (a) and
3 min (b), the pro�le of surface roughness at 30 s (c)
and 3 min (d) and the optical images of the water drop
for the minor (d) and the prolonger treatment (e).

obtained in the �rst 60 s (a) and of their progression after
3 min (b). The same �gure shows the surface roughness
pro�le which is about 3 µm (c) and 6 µm (d) in the two
cases, respectively. The wet ability of the two cases is ob-
servable from the photos reported in Fig. 3e and f, indi-
cating a contact angle decreasing to 75◦ and 13◦ at 1 min
and 3 min HCl etching. Thus this treatment induces high
hydrophilicity of the Al surface.
Laser ablation treatment. The 1064 nm laser radiation

without any focalization on the Al surface, with a spot
of 1 cm2 and 10 Hz repetition rate, produces removing of
the �rst super�cial layers as a function of the pulse en-
ergy and of the irradiation time [9]. The ablated surface
shows more roughness with respect to the pristine one.
Figure 4 shows a SEM comparison of the ablated surface
due to 50 laser shots at 50 mJ (a) and 200 mJ (b) pulse
energy, the corresponding surface roughness was evalu-
ated to 0.7 µm (c) and 0.8 µm (d), respectively. The �g-
ure shows also the comparison of the optical images of the
drop wetting ability for the low energy irradiation (e) and
high energy irradiation (f), at which the contact angle
is 92◦ and 45◦ for low and high laser energy, respectively,
both using an irradiation with 50 laser shots. Results
indicate that low laser energy may decrease the contact
angle from the pristine value of 95◦ up to about 92◦ (us-
ing 50 laser shots at pulse energy of 50 mJ); at high laser
energy and high shots number (≈1000) the contact an-
gle decreases up to 45◦ showing that the laser treatment

Fig. 3. Typical SEM image obtained for chemical HCl
attack in the �rst 1 min (a) and of its progression at
3 min (b), surface roughness pro�le at 1 min (c) and
3 min (d) and measurement of contact angle for attack
at 1 min (e) and 3 min (f).

produces hydrophilicity of the Al surface.
Ion implantation treatment. Ar+ ions accelerated at

2 keV energy and emitted from an ion gun with a cur-
rent density of 20 µA/cm2 have been employed to irra-
diate in high vacuum, at 45◦ incidence angle, the sur-
face of the pristine Al surface for di�erent times accu-
mulating di�erent ion doses, from 1014 ions/cm2 up to
1016 ions/cm2 [10]. For normal incidence the ion range
is 44 Å with a straggle of 19 Å, as reported in the SRIM
simulation of Fig. 5a, and the energy transferred to recoil
atoms is maximum at the target surface where it assumes
a value of about 40 eV/ion/Å, and decreases of about one
order of magnitude at about 65 Å depth, as reported in
the SRIM simulation of Fig. 5b. At 45◦ incidence angle
the sputtering yield of Al surface is 4 atoms/ion and the
average energy transferred is about 20 eV. Thus ion im-
plantation removes atoms from the Al surface, especially
at high incidence angle (> 45◦); generally it reduces the
roughness of the Al surface and increases little the con-
tact angle of the implanted surface as a function of the
implanted dose, similarly to a polishing e�ect. Figure 5
shows the roughness pro�le of the implanted surface at a
dose of 1016 ions/cm2 (c), of about 0.08 µm, and the op-
tical image of the wetting ability measurement indicating
an angle of 96.5◦ (d).
Treatment with metallic nanoparticles. Metallic

nanoparticles of Ti, Cu, Ag, and Au have been pre-
pared via laser ablation in water for di�erent applica-
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Fig. 4. SEM comparison of the laser ablated surface
due to 50 laser shots at 50 mJ (a) and 200 mJ (b)
pulse energy, corresponding surface roughness at low (c)
and high energy (d) an optical images of the drop wet-
ting ability for the low energy (e) and high energy
irradiation (f).

tions [11, 12]. The concentration of the prepared solution
containing the nanoparticles was 5 mg/10 ml. The av-
erage dimensions of the produced nanoparticles was in
the range 50�100 nm, according to the visible absorp-
tion measurements of the produced solution performed in
our laboratory and according to the literature data [13].
Drops of solution were deposited on the Al pristine
substrate and left to dry. After 24 h drying, nanoparti-
cles remain deposited on the pristine Al surface, as SEM
images of Fig. 6 demonstrated for Ti (a), Cu (b), Ag (c),
and Au (d). Successively the wetting was performed.
The wet ability becomes function of the used nanoparti-
cles as con�rm the optical images reported in Fig. 6 for
Ti (a′), Cu (b′), Ag (c′) and Au (d′) indicating a contact
angle of 67◦, 91◦, 37◦, and 53◦, respectively. Thus, in
general the nanoparticles decrease the water absorbance
as a function of the substrate nature, as obtained for
Ti (−36%), Cu (−4%), Ag (−61%) and Au (−44%).
In conclusion, the measurements demonstrated that

the wetting ability of Al surface may be increased as a
function of the kind of treatment at which it is submit-
ted. Moreover, the roughness of the surface is a crucial
parameter that controls the contact angle. High wetting
ability is obtained using liquids containing nanoparticles
and depositing NP on the investigated surface. Surface
treatments based on laser irradiation, sandblasting and
chemical etching, as a function of the time surface treat-

Fig. 5. SRIM simulation for the Ar+ ion range
in Al (a) and for the energy transferred to recoil
atoms (b), roughness pro�le of the implanted surface
at a dose of 1016 ions/cm2 (c), and the optical image of
the contact angle of 96.5◦ (d).

Fig. 6. SEM images of nanoparticles of Ti (a), Cu (b),
Ag (c) and Au (d) deposited on aluminum and contact
angle measurements for water on the Al surfaces covered
with Ti (a′), Cu (b′), Ag (c′) and Au (d′) nanoparticles.
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Fig. 7. Contact angle of the Al surface treated with
50 laser shots as a function of the laser energy (a), with
sandblasting vs. time (b), with HCl etching vs. time (c)
and with polishing and ion sputtering vs. ion dose and
of type of treatment (d).

ment, demonstrate that the wetting ability of the surfaces
increases, as reported in the summary plots of Fig. 7a�c,
respectively. Low wetting ability, i.e. hydrophobic sur-
faces, are obtained using surface mirror polishing and ion
sputtering, as reported in the summary plot of Fig. 7d.

3. Discussion and conclusions

Six di�erent methods for creating controlled micro-
scale morphology by varying the Al surface roughness
have been presented, and the e�ects of these surface fea-
tures on wetting and droplet retention have been quanti-
�ed. Results show that the contact angle of water on alu-
minum is a function of the kind of surface treatment used
and of the roughness produced. A summary of obtained

Fig. 8. Contact angle as a function of the average
roughness for di�erent methods of Al surface treatments
and empirical relation between the two parameters.

results is observable in the plot of Fig. 8 reporting the
contact angle as a function of the roughness for di�erent

methods of Al surface treatment, going from polishing,
inducing low roughness and high hydrophobicity, to HCl
etching, inducing high roughness and high hydrophilic-
ity. In other words the contact angle, θ (degree), using
opportune treatments, is approximately linearly depen-
dent on the average roughness, R (µm), according to the
empirical relation

θ◦ = −14R[µm] + 100. (2)
This linear trend was obtained with measurement with
errors within about 15%. Aluminum surface can be
well-prepared for e�cient wetting, coating and durabil-
ity. Coatings of Al surfaces provide the most important
pre-requisite for durability, if they are completely spread
on the foil surface. Since the surface of aluminum acts as
a barrier in a laminate, migrating compounds can enrich
or react there. In this sense the hydrophobicity enhances
the durability of the aluminum sheet. Plastic, ceramic
and metallic coatings can be well adherent to the Al sub-
strate if treatments increasing the wet ability are previ-
ously employed.
The techniques presented in this paper have broad ap-

plicability for metals other than aluminum, and their ac-
companying e�ect on wettability is of special relevance in
applications concerning the Al�Al welding and Al/fuse
interface preparation.
High roughness of Al surface and porous structures in-

duce high wetting ability, thus a liquid can penetrate very
well inside the microcavities and the Al surface can re-
sult well adherent to other materials while very polished
surfaces showing a minor contact area induce low liquid
absorbance and material do not adhere to coverage �lms
reducing eventual di�usion of elements through the inter-
face. In this last case hydrophobic property characterize
the prepared Al surfaces increasing the contact angle to
about 100◦. All the presented treatments are simple, not
expensive and can be applied with successfully to control
the morphology and the physical-chemical characteristic
of the Al surfaces.
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