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A B S T R A C T

To better understand the effect of surface treatments on the efficiency of protective coatings of aluminum alloys,
this study assessed different surface treatments for the aluminum alloy AA2024, including mechanical polishing,
chemical etching and Ar-plasma pretreatment followed by deposition of poly(methyl methacrylate). Surface
morphology, surface chemical analysis and wettability of the treated samples were characterized by scanning
electron microscopy, X-ray photoelectron spectroscopy and contact angle, respectively. Open circuit potential
and electrochemical impedance spectroscopy were carried out in a 0.1M solution of Na2SO4 as a function of
exposure time. SEM images revealed that a homogeneous and well incorporated poly-(methyl methacrylate)
coating was obtained by using Ar-plasma as a pretreatment. XPS spectra showed that the AleO/AleOH intensity
ratio of the Ar-plasma pretreated samples does not show clear dependence on angle measurement, which in-
dicates that Al(OH) and Al2O3 are not homogenously distributed on the sample surfaces. Al2O3 does not com-
pletely cover the aluminum surface, leaving some areas exposed. The measurements of the hysteresis angle
showed that the Ar-plasma pretreatment favors chemical heterogeneity, which in turn increases the hydro-
philicity of the coated samples, resulting in lower wettability and a greater hysteresis angle. The electrochemical
results showed that the Ar-plasma pretreatment significantly improves the protective capacity of poly(methyl
methacrylate).

1. Introduction

Chromate anodizing has been used widely as an anti-corrosive
surface treatment with light alloys like those of aluminum. However,
the high degree of toxicity and carcinogenic effects related to Cr+6

species have made their use unacceptable and chromate-free pretreat-
ments are being developed [1,2]. Research on anticorrosion treatments
of aluminum alloy (AA) surfaces have involved different organic coat-
ings that have shown the fundamental role of pretreatment in providing
effective protection. Numerous mechanical, chemical, electrochemical
and other surface treatments to improve the durability of aluminum
alloys have been studied, such as liquid or vapor degreasing, abrading,
grit blasting, acid/alkaline etching and anodizing. N. Saleema et al. [3]
reported that NaOH treatment improves metal-coating interaction.
Tiringer et al. [4] demonstrated that treatment with NaOH produces a

rough layer on the surface of AA2024-T3, with complete removal of
intermetallic particles. Other surface treatments have shown that
functionalization with silane improves the performance of the metal
surface [5,6]. Luciano et al. [6] studied the protective capacity of novel
eco-friendly hybrid epoxy–silicon (EP-S) coatings to prevent the cor-
rosion of AA after exposure to NaCl in solution, and found that func-
tionalizing the coating improves the protection of the metal.

Pretreatments using plasma have attracted attention because they
can: (i) improve the removal of organic contaminants from surfaces that
can interfere with adhesion, (ii) cause micro-etching that increases
surface area, (iii) remove weak boundary layers, (iv) and modify sur-
face chemistry resulting in improved chemical and physical interactions
at the bonding interphase. Pretreatment using plasma can favor the
formation of free-radicals and atomic or molecular fragments, which
influences the formation of volatile species that can be removed by the
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vacuum system. These can either react to produce cross-linking of the
surface or even the ground state molecules, possibly forming new
chemical species on the surface. Inert gases like Ar or He are used to
generate free radicals on surfaces, either to cause crosslinking, or to
leave active sites for later reaction with a purge gas. Hence, if the
plasma is an inert gas like argon or helium, the surface may contain a
large number of stable radicals that can persist even after exposure to a
reactive gas. These gases should not be used alone for cleaning because
there is no mechanism for converting the molecular fragments to per-
manently volatile compounds. Therefore, the fragments polymerize or
reposition [7,8].

Mui et al. [9] proposed that modifying an AA surface by atmo-
spheric pressure plasma treatments improves the corrosion resistance of
polyurethane-coated AA7075. In effect, the adhesion and efficiency of
anticorrosion coatings for metal alloys is an important issue that is
largely determined by the surface treatment, the chemical composition
of the alloy and the composition of the organic coating [10,11].

Hydroxyl groups on a metallic surface can modify the physico-
chemical properties of that surface. McCafferty et al. [10] estimated the
surface concentration of hydroxyl groups in metals coated with oxide
film by using the treatment with argon plasma, revealing that this type
of pretreatment reduces the thickness of the contaminant layer without
altering the aluminum-intermetallic particle ratio [12]. Giza et al. [13]
showed that for extremely short periods of time the plasma treatment
changes the chemical composition of the surface and the kinetics of
incorporating a monolayer, thus increasing surface hydroxyl density.
Grundmeier et al. [14] showed that the chemistry of the surface and the
thickness of the oxide of the coated iron alloy are modified after
treatment with oxygen plasma. In particular, the plasma pretreatment
represents an efficient, non-polluting and economic alternative to in-
crease the adhesive properties of an aluminum surface coating [15–19]
to which subsequent coatings can be applied [8,9].

In this study, an argon-plasma pretreatment was applied to AA2024-
T3 samples prior to the application of poly(methyl-methacrylate)
(PMMA). The effect of the pretreatment was assessed by contact angle
measurements, scanning electron microscopy and electrochemical
techniques.

2. Experimental details

2.1. Metal samples

The aluminum alloy 2024-T3 (ENAER, Empresa Nacional de
Aeronáutica de Chile) was used as the working electrode, with the
following chemical composition (wt%): 92.400 Al, 4.900 Cu, 1.520 Mg,
0.169 Fe, 0.520 Mn, 0.085 Si. The samples consisted of
100×100×1.8mm plates machined from an AA2024-T3 rolled plate.

2.2. Synthesis of the poly(methyl methacrylate) coating (PMMA)

The polymer was formed by mixing 20mL of methyl methacrylate
(MERCK, 99%, stabilized. 186.98mmol; d= 0.936 g/mL; PM.
100.12 g/mol), previously washed with 5% NaOH, dried with calcium
hydride (CaH2) and finally distilled and polymerized with 0.02 g of
benzoyl peroxide (MERK, 75%. 0.08mmol; d= 1.334 g/mL;

PM=242.23 g/mol) under magnetic stirring for 90min at 55 °C. All
chemical reagents were purchased from Merck and used without fur-
ther purification.

2.3. Surface treatment

2.3.1. Surface pretreatment
The metal samples were polished with silicon carbide paper (from

#400 to #4000 grade) and degreased with acetone, washed with bi-
distilled water and dried under air flow. The samples were then acti-
vated by the following procedure: immersion for 2min in 0.1 M of a
NaOH solution, washing in water, immersion in 20% v/v HNO3 solution
for 5min, washing in water and ethanol, following which the samples
were dried for 30min at room temperature.

2.3.2. Argon plasma cleaning
Some metal samples received an additional surface pretreatment of

an Ar-plasma flow applied with a Plasma Prep III device that consisted
of a RF power supply (13.56MHz) in a dielectric quartz tube in a
hollow electrode. The gas flowing out of the nozzle formed a plasma jet
of pure Ar (5 L/min). The power applied to the electrode was adjusted
to 80W for 120 s at a pressure of 170 mtorr. The samples were im-
mersed in a polymer solution for 6min and then air dried.

Table 1 gives the nomenclature used for the samples:

2.4. Surface analysis techniques

The morphology of the metal samples was investigated by scanning
electron microscopy (SEM) using TESCAN S8000 at an acceleration
voltage of 5 kV. Cross sections of the coated samples were obtained by
ultramicrotomy to characterize the surface-coating interface. The sur-
face composition of the samples was studied with X-ray photoelectron
spectroscopy (XPS). XPS spectra were collected using a PHI1250 pho-
toelectron spectrometer (Physical Electronics) with an Al Kα X-ray
source (hν=1486.71 eV). To minimize ageing and contamination ef-
fects, samples were stored in a nitrogen atmosphere, beginning no more
than an hour after preparation. The analysis chamber operated in a
vacuum at lower than 1× 10−6 mbar while measurements were made.
After a survey scan, high-resolution scans of the O1s, N1s, C1s and Al2p
signals were recorded at take-off angles that ranged from 0 to 75°, using
pass energy of 44.75 and 0.2 eV step size. X-ray photoelectron spec-
troscopy data were analyzed with PHI Multipak software (V9.4.0.7).
The energy scale of the spectra were calibrated relative to the binding
energy (BE) of advantageous hydrocarbons (CeC/CeH) in the C1s
signal at 284.8 eV. Curve fitting and decomposition were performed
after Shirley-type background removal. A mixed Gauss–Lorentz shape
was used for the different components.

2.5. Contact angle and water absorption

The contact angle measurements of the samples were determined by
the sessile drop or static drop method at 25 °C using a contact angle
device (Drop Shape Analyzer DSA25S, KRUSS) controlled by ADVANCE
software (KRUSS). Eight microliter drops of water or diiodomethane
were deposited on the surfaces. Drops of sessile water of 8 and 4 μL

Table 1
Sample nomenclature.

Sample Nomenclature

AA2024-T3 treated with mechanical polishing and chemical etching T
AA2024-T3 with mechanical polishing, chemical etching and Ar-plasma surface treatment T-ArP
AA2024-T3 with mechanical polishing, chemical etching and polymeric coating T-PMMA
AA2024-T3 with mechanical polishing, chemical etching, Ar-plasma surface treatment and polymeric coating T-ArP-PMMA

The electrochemical measurements were repeated in duplicate and the other measurements in quadruplicate.
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were used for advancing (θa) and receding contact angle (θr), respec-
tively, obtaining the hysteresis in the contact angle, which is the dif-
ference between the angle advance and the angle reced (Δθ= θa− θr).

2.6. Electrochemical measurements

A three-electrode electrochemical cell was used for electrochemical
measurements. Metal samples were employed as working electrodes
with an exposed surface area of approximately 15 cm2. A 0.1M solution
of Na2SO4 (reagent grade) was used as an electrolyte. A graphite rod
and a saturated calomel electrode were used as counter and reference
electrodes, respectively. The electrochemical cell was kept at room
temperature and open to the air. Open circuit potential and electro-
chemical impedance measurements were carried out using a Bio-Logic
VSP. Impedance diagrams were obtained over a frequency range from
100 kHz to 3mHz, with eight points per decade using a 10 to 70mV
peak-to-peak sinusoidal voltage at E=OCP. The linearity of the system
was checked by varying the amplitude of the ac signal applied to the
sample. The electrochemical behavior was characterized as a function
of immersion time.

3. Results and discussion

3.1. Surface characterization

3.1.1. SEM analysis
Fig. 1 shows the SEM images of the cross sections of the T-PMMA

and T-ArP-PMMA samples. In both cases, there are smooth compact
PMMA layers with thicknesses of 20 and 25 μm, respectively. Fig. 1(b)
revealed a further improvement of the PMMA/AA interface by Ar-
plasma surface pretreatment, which indicates the activator effect of the
supplementary Ar-plasma treatment on the alloy surface, facilitating
better anchoring of the PMMA.

3.1.2. XPS analysis
In the present study, the binding energy was corrected by using the

main C1s signal peak at 284.8 eV as a reference, but prior to calibrating
the energy, no differences in the charge effect of T and T-ArP were
observed. Regarding the Al2p signal, Fig. 2 shows the XPS spectra of the
T and T-ArP samples for different take-off angles. Two main peaks of
this signal were identified, at 72.3 ± 0.1 eV and 74.9 ± 0.1 eV, cor-
responding to Al0 and Al3+, respectively. The Al0 peak (metallic) was
always less intense than that of Al3+ (oxide film) in both samples. In
fact, the intensity of the metallic peaks decreases as the take-off angle
increases. This is more evident in the graph, which shows the depen-
dence of the Al3+/Al0 intensity ratio on the take-off angle Fig. 2(c, d).
Oxide thickness can by estimated by fitting the experimental data on

this graph. The aluminum oxide thicknesses are 4.0 nm and 3.5 nm for
the T and T-ArP samples, respectively.

The Al2p signal only gives information about oxide film was formed
spontaneously on cleaned aluminum surfaces. Valuable understanding
of the mixed oxide formed in the interfase can be gained from studying
ARXPS, including the O1s signal [20]. In the present study, the two
main contributions of the O1s signal were identified at 532.3 ± 0.1 eV
and 534.7 ± 0.1 eV (Fig. 3(a, b)), corresponding to AleO and AleOH,
respectively [21]. Fig. 3(c) shows that for T and T-ArP samples, the
AleO/AleOH intensity ratio depends on the take-off angle. Depen-
dence on the angle was observed in chemically cleaned samples, which
indicates that the AleOH is on the AleO, or that AleOH is, as expected,
on the outermost surface. However, with samples treated with Ar-
plasma, the AleO/AleOH intensity ratio does not show clear depen-
dence on the angle, which indicates that Al(OH) and Al2O3 are not
homogenously distributed on the surface of the sample Fig. 3(d) shows
Al2O3 does not fully cover the aluminum surface and some areas of Al
(OH) are exposed.

3.1.3. Contact angle measurements
Table 2 shows the contact angle and surface energy data of the T, T-

ArP, T-PMMA and T-ArP-PMMA samples in water and diiodomethane.
As can be seen in Table 2, the forward angle for the T sample was nearly
57° and 49° in water and diiodomethane, respectively. The contact
angle of the T-ArP sample decreased to 18° in water, and from 49° to 44°
in diiodomethane, as shown in Table 1. The contact angles of the coated
samples did not show the effect of the Ar-plasma pretreatment. How-
ever, differences associated with surface roughness, area and chemical
composition, which can influence the hydrophobicity of the surface,
were better evidenced by estimating the hysteresis angles (Fig. 4). Mrad
et al. [22] determined that an increase in the hydrophilic surface im-
proves wettability with organic compounds with polar groups since it
increases hydroxyl groups, this is in accordance with the results of XPS
presented in Fig. 3. For T-PMMA and T-ArP-PMMA samples, the ad-
vancing angles (θa) were 79.1 ± 0.2° and 89.8 ± 0.2°, respectively
(Fig. 4(c1, d1)), which can be attributed to an increase in hydro-
phobicity. This suggests that the PMMA adsorbed on the aluminum
surface pretreated with Ar-plasma has more affinity and that the polar
groups are oriented toward the metal-coating interface, leaving groups
that are more apolar oriented outwardly [12,22–24]. This is in agree-
ment with the high degree of chemical heterogeneity among the sam-
ples, as was estimated by the higher hysteresis value (Δθ) of
29.3 ± 0.3 ° than 19.4 ± 0.2 ° (Fig. 4(c, d)) and can also be seen in the
SEM cross section images shown in Fig. 1.

Fig. 1. SEM images of cross-section of the (a) T-PMMA and (b) T-ArP-PMMA samples before exposure to 0.1M Na2SO4 solution.
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3.2. Electrochemical results

Fig. 5 shows the Bode plots of the T sample after exposure to a 0.1 M
solution of Na2SO4 at E=OCP, which consisted of a capacitive loop
associated with the cathodic part of impedance, in parallel with the
anodic part. In this case, the anodic part was related to charge transfer
resistance (Rct) associated with oxide film formation on the aluminum
surface, while the cathodic part may be related to the oxygen-reduction
reaction on the intermetallic particles and the oxide film. The modulus
values (|Z|) at the low frequency range (LF) correlate with oxide film
resistance (Fig. 5(a)), which increased slightly with time, indicating a
slight fall in the anodic current, as shown in Table 3. The variation in
the phase angle (θ) as a function of exposure time reveals CPE behavior
at the middle frequency range (Fig. 5(b)), with θ values around 75°.
CPE fit parameters α and Q are given in Table 3. α values were around
0.85 for the entire exposure time and the Q coefficient increased
slightly with time from 2.1×10−6 to 2.8× 10−6 s−α cm2. The slight
decrease and increase of the phase angle at a high frequency range (HF)
may be associated with the geometrical effect of the electrochemical
cell. As has been reported [25,26], the capacitance of a dielectric layer
can be determined by extrapolating the complex-capacitance plots to
infinite frequency (C∞), which does not require the assumption of any
specific model and can be determined by fitting the impedance data.

Table 3 shows that the C∞ values increased with time, which indicates
decreased oxide resistance related to an increase in the anodic current.
Fig. 5(c, d) shows the Bode plots of the T-ArP sample after exposure to a
0.1 M solution of Na2SO4 at E=OCP. The impedance response also
revealed a capacitive loop associated with oxide film formation. The |Z|
did not show a significant effect of the Ar-plasma pretreatment, and as
can be seen from the phase angle as a function of exposure time plots,
CPE behavior was not well defined. The α values were lower than those
for the T sample, which decreased with exposure time. The Q coeffi-
cient and C∞ values are not shown in Table 3 because the chi-square
goodness of fit was much>1.

Fig. 6 shows the Bode plots of the T-PMMA and T-ArP-PMMA
samples as a function of exposure time to a 0.1 M solution of Na2SO4 at
E=OCP. The impedance results can be described by a general
equivalent electrical circuit for coated alloys, as proposed by Epelboin
et al. [27]. A capacitive loop is observed in the T-PMMA sample at an
early state that is associated with the insulating properties of the PMMA
coating. Another capacitive loop was detected in the impedance spectra
with more exposure time (Fig. 6(a, b)), which may be attributed to
electrolytes penetrating the coating and reaching the metal/coating
interface. The C∞ values for the T-PMMA sample increased slightly with
time, as shown in Table 4, suggesting a decrease in coating resistance.
Moreover, Fig. 6(a) and Table 4 show that the |Z| of T-PMMA sample in

Fig. 2. XPS spectra of Al2p signal and Al3+/Al0 intensity ratios measured at different take-off angle for (a, c) T and (b, d) T-ArP samples.
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the LF range decreased with time, from 3.5× 109Ω cm2 to
2× 107Ω cm2. This concurs with the findings of other publications,
including Musiani et al. [26] and Macedo et.al [28]. The impedance
response of T-ArP-PMMA sample at medium and LF domain is not in-
corporated in the graph for shorter exposure time because of the high
degree of dispersion of the impedance data in those frequency regions,
as shown in Fig. 6(c, d). This suggests an increase in homogeneity of the
coatimg due to a higher number of binding sites related to the Ar-
plasma pretreatment, which would improve the interaction between
PMMA and aluminum surfaces and consequently delay the penetration

of the electrolyte in the coating. In fact, the degradation of the coating
of the T-ArP-PMMA sample was only observed at day 32 of exposure
and, as can be seen in Fig. 6(c), the |Z| value in the LF range was much
higher for the T-ArP-PMMA sample than for the T-PMMA sample. This
could be attributed to the higher degree of homogenity of the coating,
as the contact angle measurements and SEM images suggest [26].
However, a slightly higher C∞ value was determined for the T-ArP-
PMMA sample than for the T-PMMA sample, which suggests more
water uptake on the PMMA coating with the Ar-plasma pretreatment,
which would keep the water accluded for more time.

Hysteresis angle measurements showed that pretreatment with Ar
plasma favors chemical heterogeneity, which in turn increases the hy-
drophilicity of the coated samples, resulting in lower wettability and a
higher hysteresis angle. The electrochemical results showed that pre-
treatment with Ar-plasma significantly improves the protective capacity
of poly (methyl methacrylate) because the obtained coatings are more
compact, which slows the penetration of electolytes and better protects
the metal against corrosion.

4. Conclusions

The Ar-plasma pretreatment modified the surface and interface

Fig. 3. Al3+/Al0 XPS-intensity ratios measured at
different take-off angle for (a) ( ) T and (b) ( ) T-ArP
samples, (c) reason of the link AleO and the AleOH
with respect to the angle of emission and (d) re-
presentation of the proportions of the AleOH bond
on the surface.

Table 2
Characteristics of the types of samples in terms of physical properties: free
energy (γ) and polar (γpS) and dispersive (γdS) components obtained by static
contact angle measurements (θ) in water and diiodomethane.

System θwater (°) θdiiodomethane (°) γ (mN/m) γdS (mN/
m)

γpS (mN/
m)

T 56.9 ± 0.1 48.5 ± 0.11 51.2 35.1 16.1
T-ArP 17.7 ± 6.7 44.1 ± 1.9 75.8 38.2 37.6
T-PMMA 78.3 ± 10.1 29.1 ± 4.2 57.7 44.8 12.9
T-ArP-PMMA 86.8 ± 8.8 21.1 ± 3.6 57.7 44.0 13.7
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properties of AA2024. The wettability of the metal surface increased,
which was confirmed by contact and hysteresis angles. XPS analysis
revealed Al2O3on the metal surfaces of the Ar-plasma pretreatment
samples. This may explain the increase in wettability, and the improved
interaction between methoxy groups of the polymer (PMMA) and the
hydroxylate aluminum surface, which resulted in more binding sites
and increased adhesion, thus improving protection against corrosion.
As expected, higher hysteresis angles were estimated, and the im-
pedance modulus was higher after 34 days of exposure. Nevertheless,
ionic binding may be more important to the link between aluminum
surfaces and PMMA than covalent binding.

Fig. 4. Measurements of the contact angles of advancing (θa) and receding (θr) and angle of hysteresis in water obtained by: T (a1–a2) T-ArP (b1–b2); T-PMMA
(c1–c2) and T-ArP+PMMA (d1–d2).

Fig. 5. Bode plot of T (a, b) and T-ArP (c, d) samples
after exposure to a 0.1M Na2SO4 solution obtained
at E=OCP. (■) 1 day; (○) 7 days, (Δ) 15 days and
( ) 32 days.

Table 3
Impedance fit parameters of T and T-ArP samples after exposure to a 0.1M
solution of Na2SO4.

System ti/days Re/Ω |Ζ|f≈2mHz/Ω cm2 |α| Q/s−α cm2 C∞/F cm2

T 1 25 1.19×106 0.86 2.09×10−6 0.29× 10−6

T 7 25 2.03×106 0.87 2.73×10−6 2.52× 10−6

T 15 25 1.25×106 0.89 2.69×10−6 3.07× 10−6

T 32 25 2.76×106 0.89 2.76×10−6 6.47× 10−6

T-ArP 1 48 4.45×105 0.83 – –
T-ArP 7 50 5.95×105 0.80 – –
T-ArP 15 49 9.10×104 0.71 – –
T-ArP 32 77 7.60×105 0.85 – –
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