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a b s t r a c t

The protective properties of polymethacrylate coatings with different side chain lengths

for 2024 aluminum alloys were studied, focusing on the chain length increase but also on

the Ar-plasma pretreatment applied to the metal surface. The coatings were obtained by

photopolymerization, obtaining reproducible molecular weight polymers during each

process that were determined by high-performance liquid chromatography. AA2024 alloy

were immersed into the polymethacrylate solution using methyl, butyl, and hexyl as

monomers. Their roughness was then evaluated using atomic force microscopy. Surface

hydrophobicity and contact angle hysteresis were analyzed in water and diiodomethane.

Protective properties were evaluated by electrochemical impedance spectroscopy after 56

days of immersion in a 0.1 M Na2SO4. The alloy cross-sections were examined by field

emission scanning electron microscopy and glow discharge optical emission spectroscopy,

allowing the estimation of film thickness. Surface analysis revealed that the defect pop-

ulation densities in the coatings increased the monomer alkyl chain length. The immersion
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thickness increase was consistent with contact angle measurements taken over time, and

independent from the chain length. Contradicting expectations, the results showed the

protective efficacy was not related to the chain length, since after exposure, the PBMA film

revealed the best anti-corrosive coating performance on the AA2024. This was possibly

influenced by its polymeric film conformation, hydrophilicity, ordering and lower density

of defects on the metal surface.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
N-(acryloyloxymethyl) benzotriazole (AMBT) and methyl

1. Introduction

Aluminum2024 (AA2024) is a light alloywidely used in aircraft

and aerospace industries, principally due to its excellent light

weight and mechanical resistance. Mechanical properties are

improved significantly when alloying elements are added due

to new phases being formed, while, however, the corrosion

resistance decreases [1e4]. During the last 20 years, both

chromic acid chromatizion and anodizing have been used

commonly when treating surfaces prior to paint application in

order to improve the corrosion resistance of aluminum alloys,

but the presence of Cr (VI) in its residues, and the carcinogenic

effect of this species, has motivated the development of other

anticorrosive protocols [4,5]. Thus, the potential use of poly-

meric coatingswith a low environmental impact that provides

corrosion protection is being studied, trying to emulate the

excellent protection achieved with chromate based systems

[6e8]. Indeed, polymeric systems based on polymethacrylates

and polyacrylates are of great interest since their properties

allow them to act as promising organic materials for anticor-

rosive coating applications. Perrin et al. [9] studied copolymers

based in butyl methacrylate/methyl methacrylate/methyl

methacrylate, by increasing the content of butyl methacrylate

in the coatings, as based on studies previously reported by W.

Funke [10]. Funke found that these materials demonstrated

good flexibility and hydrophobicity, as well as remarkable

resistance to stress. Additionally, the author [10] reported that

the permeability to electrolytes decreased with the rise of

butyl content, improving their barrier properties. On the other

hand, Ranjithkumar et al. [11] synthesized copolymers of p-

acetamidophenyl methacrylate (PAPM) with N-vinyl pyrroli-

done (NVP), studying their capacity as antibacterial coatings

with anti-corrosion properties. The results showed good

antibacterial capacity and protection against corrosi�on of

species in a saline environment. The effectiveness of the

protective ability of the polymeric system was dependent on

the PAPM and NVP composition. The results suggested that

functionalized methacrylate-based copolymers could be used

as anticorrosive coatings. Consequently, the incorporation of

methacrylate polymers with alkyl groups onto metal surfaces

make it possible to obtain materials with good thermal, me-

chanical, chemical and stability properties, allowing them to

be favorable candidates for anticorrosive applications. Addi-

tionally, acrylic resins have been shown to have several ad-

vantages as coatings, such as having excellent weather

resistance, high resistance to alkaline and acid hydrolysis,

and being resistant to discoloration when heating and

oxidizing environments [9]. An example is the use of
methacrylate (MMA) polymers as a protective film for mild

steel samples in HCl solution [11]. Additionally, the use of poly

(butyl methacrylate) (PBMA) coatings for the protection of an

AZ31 alloy, submerged in a 3.5% NaCl solution, has been re-

ported [12], where the authors estimated a lower current

density for the coated alloy in comparison to the bare alloy by

polarization curves, and a larger charge-transfer resistance

(Rct) for the coated alloy by electrochemical impedance spec-

troscopy (EIS), confirming its corrosion protection perfor-

mance. On the other hand, changes in the dielectric constant

of certain organic coatings of water-based paints in contact

with 0.5 M NaCl solution have been reported [13]. In this

context, water uptake has been an interesting subject in in-

vestigations related to corrosion and protection [14e18].

Changes in the hydrophobicity of the films could prevent

electrolytes migrating to the metal-coating interface, which

would delay the corrosion process of the metallic substrates,

since the difference in polarities between the corrosive me-

dium and coating would prevent the electrolyte penetrating

the protective film. Therefore, the wettability and proper

adhesion on the base material are essential in improving the

efficiency of the coatings [9,19]. Recently, it has been proposed

that polymer adhesion tometal can be substantially improved

by a plasma pre-treatment. A study associated with poly

methyl methacrylate, obtained by radical polymerization, as a

coating for AA2024 included the effect of an Ar-plasma pre-

treatment [20]. The hydrophilicity of the aluminum alloys

increased and therefore improving the interaction of the

coating with the alloy and improving its protective capacity.

The strong interaction between the hydroxyl groups, gener-

ated on the surface immediately after the plasma treatment,

and the functional polar groups of the monomers carrying a

double bond, promotes good metal-coating adhesion [20].

As mentioned, the objective of this work was to evaluate

the anticorrosive capacity of polymeric coatings based on

polymethacrylates for the protection of the AA2024 alloy,

studying, in particular, the influence that the length of the

alkyl side chain of the monomers has on the protective

characteristics of polymeric films obtained by photo-

polymerization of themonomers. There are few reports in the

literature that correlate molecular structure with anticorro-

sive capabilities in applications with polymeric films derived

from alkyl-methacrylates [8,12,20]. Moreover, parts of these

works have been reported by our research group [8,20].

Regarding the experimental work, the degree of coating

wettability was determined by contact angle hysteresis mea-

surements. The surface morphology was examined by atomic

force microscopy (AFM) and emission scanning electron

http://creativecommons.org/licenses/by-nc-nd/4.0/
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microscopy (FE-SEM) of the surfaces and the metal-coating

cross-sections. Through these last observations, the thick-

ness of the coatings was determined. The chemical compo-

sition was obtained by glow discharge optical emission

spectroscopy (GD-OES). The performance of the coatings was

evaluated by electrochemical techniques, such as measure-

ments of open circuit potential and electrochemical imped-

ance spectroscopy (EIS), after different exposure times (1e56

days) to the electrolyte.
Table 1 e Sample nomenclature.

Sample ID

AA2024 treated with mechanical

polishing and chemical etching

AA

AA2024-Poly(methyl methacrylate) AA-PMMA

AA2024-Poly(butyl methacrylate) AA-PBMA

AA2024-Poly(hexyl methacrylate) AA-PHMA
2. Experimental

2.1. Polymerization of alkyl methacrylate monomers

Polymerizations of methacrylate monomers, namely: methyl,

buthyl and hexyl methacrylate (MERCK, 99%) were carried out

in tetrahydrofuran (THF) at 25 �C under a nitrogen atmosphere

and started with Azobisisobutyronitrile (AIBN) (Sigma Aldrich

98%). The steady-state irradiationwas performed in a Rayonet

reactor with 366 nm RPR lamps. The polymers were precipi-

tated inmethanol, dissolved in THF, and subsequently applied

onto the surface of AA2024 samples by immersion, as

described in section 2.3. Molecular weights (Mw) were deter-

mined by SEC in THF, using a Hewlett Packard Series 1100

high-performance liquid chromatography (HPLC) with a

refractive index as a detector, using a TSK-GEL column

(7.5 mm � 300 mm). The Mw values were around

60.000 g mol�1.

2.2. Metal sample preparation

The AA2024 aluminum alloy sheets were provided by the

Compa~nı́a Aeron�autica Nacional de Chile (ENAER). The

chemical analysis in% by weight was: 4.90 Cu, 1.52 Mg, 0.169

Fe, 0.52 Mn, 0.08 Si, and Al to balance. The dimensions of the

specimens were 100 � 100 � 1.8 mm plates. Before coating

application, these samples were polished with silicon car-

bide paper (grade # 400 to # 4000), degreased with methanol/

water for 3 min, washed with double distilled water, and

then dried under cold airflow. After mechanical polishing,

the samples were treated with a 0.01 M NaOH solution for

2 min, rinsed with double distilled water and immersed in a

20% v/v HNO3 solution for 2 min, later rinsed in double

distilled water and ethanol, and finally, dried for 30 min at

room temperature. In the final stage of the surface cleaning

treatment, the samples were treated with a flow of Ar

plasma generated by the RF power supply (13.56 MHz) inside

a dielectric quartz tube placed inside a hollow electrode. The

flow of the working gas exiting the nozzle formed the pure

argon (Ar) plasma jet at 5 L min�1. The power applied to the

electrode was set at 80 W; the treatment time was 120 s at

pressure of 170 torr.

2.3. Coating deposition

The samples were immersed in a 1.12 molal polymer solution

for 6 min, and after withdrawing from the reactor, they were

dried under a flow of cold air [20]. Table 1 provides the ter-

minology used for labeling the samples.
2.4. Surface characterization

The cross-sections of coated AA2024 samples were examined

by FE-SEM model QUANTA FEG 250 at an acceleration voltage

of 10 kV. The analyses were performed on different regions of

the coated samples, both before and after exposure to a 0.1 M

Na2SO4 solution, facilitating the estimation of the coating

thickness in all the samples. The chemical compositions of

the samples were analyzed in depth before being exposure by

using a GD-OES model Spectruma Analytik GmbH GDA 750

HR, with a 2.5 mm diameter anode operating in DC excitation

mode. The analysis was carried out in an Ar atmosphere

(quality 5.0) with an average discharge pressure of 5 $ 10�2 hPa,

using the following excitation parameters: 1000 V, 12 mA, and

0.1 mmin�1 cathodic spray rate [21]. The quantified profiles of

percentage mass concentration versus depth were obtained

using the standard WinGDOES software. All samples were

measured in triplicate. Furthermore, AFM was used to study

the surface morphology of the samples through the contact

mode. The AFM equipment consisted of an Omicron SPM1

operating in an ultra-high vacuum, AFM tips of 10 nm radius,

and with an elastic constant of 0.02e0.77 N m�1.

Regarding the surface physicochemical properties, mea-

surements were made for the contact angle of the samples at

25 �C, using the sessile drop method, or static drop, using a

contact angle device (Drop Shape Analyzer DSA25S, KRUSS)

controlled by the software ADVANCE (KRUSS). The procedure

was as follows; 8 mL of drops of water or diiodomethane were

deposited on the surface under study, using sessile water

drops of 4 mL and 8 mL respectively for advanced contact angles

(qa) and backward contact (qr), thus obtaining hysteresis in the

contact angle, which is the difference between the forward

angle and the retreat angle (Dq ¼ qa - qr).

2.5. Electrochemical measurements

The electrochemical responses for the uncoated and coated

samples under study were carried out during 56 days of

exposure in a 0.1 M Na2SO4 solution (reagent grade). Notice

that the solution allowed to better visualize the protective

coating efficacy for AA2024 alloy, without hindering a local-

ized corrosion, as previously described by Heine et al. [22,23].

In addition, a potentiostat/galvanostat (Bio-Logic, VSP) and a

three-electrode cell were used. The working electrode was,

according to the particular experiment, the AA2024 alloy with

and without coating. The reference and counter electrodes

were, mercury/mercuric sulfate (Hg/Hg2SO4, SSE) and a

graphite rod respectively. The open-circuit potential (OCP)

was recorded until reaching a steady-state, and the imped-

ance data was recorded at the open circuit potential within

https://doi.org/10.1016/j.jmrt.2021.11.067
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the frequency range of 20 kHz to 3 mHz, using a sinusoidal

amplitude of 20 mV peak-to-peak, with eight points per

decade.
3. Results and discussion

3.1. Surface characterization

Figure 1 shows AFM images of AA2024 specimen surfaces

coatedwith the different polymers. The images reveal areas of

different contrast which appear as “defects” in the polymeric

film. A line profile through the flat areas gives us height value

differences close to 1.3e1.5 nm for AA-PMMA and AA-PBMA,

increasing to almost double, about 3.0 nm, for AA-PHMA (see

Fig. S1). From surface topography images, the population

densities of defects in the coatings were also estimated,

obtaining the following results: AA-PMMA, 2 mm�2; AA-PBMA,

6 mm�2; and AA-PHMA 9 mm�2. It should be noted that the

higher population density of “defects” in the AA-PHMAmay be

related to its high surface charge. Furthermore, from the line

profile inserted in Fig. 1 (a-c), the concavities show different

depths; the smallest showing a size of 40e60 nm, while the

largest, a size of 130e190 nm.

SEM images show the topographic difference of the sam-

ples with and without coating, as shown in Fig. 2S (a-d) in the

supplementary material, where the roughness of the samples
Fig. 1 e Images AFM of samples prior to exposur
with the different coatings is revealed, as can be seen in Fig. 2S

(b-d).

Figure 2(a) shows the images associated with the contact

angle measurements for the samples, revealing that the con-

tact angle values varied between 79.30� (±0.11�) and 99.8�

(±0.13�) for AA-PMMA, AA-PBMA, and AA-PHMA samples,

which indicate that the wettability of the polymer decreased

with the length of the monomer chain. Nevertheless, said

contact angle measurements should be prudently taken,

considering that the roughness and porosity of the surface

influence its wettability [24]. With rough surfaces, the exis-

tence of the so-called Wenzel state has been proposed, in

which the surface under the liquid is drenched, incrementing

the contact surface area between solid and liquid, resulting in

the apparent contact angle increasing for hydrophobic sur-

faces and decreasing for hydrophilic surfaces [25].

It is also possible that air bubbles had become trapped

between the liquid droplets and the solid surface, generating a

state called Cassie-Baxter. As described in the Cassie Baxter

state [26], the more heterogeneous and porous surfaces pre-

sent a greater contact angle due to the previously mentioned

air bubbles [27]. The presence of the air-bubbles at the

surfaceeliquid interface could explain the greater contact

angle for the AA-PHMA sample, which according to the AFM

analysis, presented the highest population density of defect

per micrometer square, and the lowest contact angle being

estimated for the AA-PMMA sample presenting the lowest
e. (a) AA-PMMA, (b) AA-PBMA, (c) AA-PHMA.

https://doi.org/10.1016/j.jmrt.2021.11.067
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Fig. 2 e (a) Comparison of the contact angle and hysteresis angle of polymethacrylates (b) evaluation of the contact angle as a

function of the immersion time of exposure of the drop (,,-) AA-PMMA (B; ) AA-PBMA and (D; ) AA-PHMA.
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defect population density. It seems then that thewettability of

the coating surface not only depends on the length of the alkyl

side chain present in each polymer, but also on the surface

irregularities they present.

Figure 2(a) also reveals relatively high values of the hyster-

esis angle for the AA-PMMA 35.0� ± 0.17� and AA-PHMA

39.0� ± 0.12�, which is associated with the surface roughness,

or surface chemical heterogeneity, suggesting that the poly-

mers could be formed by two functional groups, hydrophobic

and hydrophilic functional groups [28,29]. The AA-PBMA sam-

ple shows the lowest hysteresis angle of the three polymers

studied, 12.7� ± 0.13�, which could be associated with a more

homogeneous coating distribution on the metal surface that

also agrees with the low roughness presented by AFM (Fig. 1S

(b)). On the other hand, the surface energy was calculated by

measuring the contact angle of diiodomethane and water,

obtaining the following results: AA-PMMA 53.73 mN m�1, AA-

PBMA 42.02 mN m�1, AA-PHMA 33.42 mN m�1. Those values

are consistent with the evaluation of the contact angles over

time. Therefore thematerial surface energy possibly could have

been influenced by factors such as the variation in the length of

the monomer chain [30]. Fig. 2(b) shows the changes in the

contact angle, revealing that the AA-PMMA and AA-PBMA

polymers have similar stability, unlike the case of AA-PHMA,

where the contact angle drop is abrupt, showing a rapid dete-

rioration of their wettability properties.

From GD-OES analysis, the chemical composition relative

to different depths for all coated samples were obtained, as

shown in Fig. S3 of the supplementary material, which

confirmed the homogeneity of the coatings. As can be

observed, the AA-PMMA sample was composed of 87 wt.% of

carbon and 11.7 wt.% of oxygen in the first 0.5 mm, which

decreased significantly to 1.0 mm, 18 wt.% for carbon, and

4 wt.% for oxygen. A gradual increase in aluminum content

was observed in parallel, from 0 wt.% at 0.5 mm to 53.9 wt.% at

1.0 mm (see Fig. S3 (a)). For the AA-PBMA sample, carbon and

oxygen were detected between 0 mm and 6 mm, as well as the
Table 2 e Variation of the thicknesses of methacrylate derivativ

Coating PMMA

Exposure condition Before After

Thickness (nm) by GD-OES 1.0 n.m

Thickness (nm) by FE-SEM 3.4 ± 0.2 8.3 ± 0.6
presence of carbon decreasing dramatically between 3 mmand

5.2 mm, while the oxygen content decreased from 11 wt.% to

0.7 wt.% in the same depth range. On the other hand, the

aluminum content increased to 55 wt.%. At a deeper depth,

aluminum and alloying elements were detected at 5.2 mm (see

Fig. S3 (b)). For the AA-PHMA sample, carbon and oxygen

signals were detected within the first 4.3 mm; however, the

aluminum percentage gradually increased to 54 wt.% between

3 mm and 6 mm (see Fig. S3 (c)). From the GD-OES profiles, the

thickness of the coatings was estimated, based on the point

when the aluminum signal was constant, which was close to

1.0 mm, 5.1 mm, and 5.9 mm for AA-PMMA, AA-PBMA and AA-

PHMA before exposure. It should be noticed that the accu-

racy of the measurements could have been strongly influ-

enced by the coating homogeneity and surface roughness,

which rose due to the Ar-pretreatment being carried out prior,

but also due to the reference standards used for GD-OES

analysis of the coated samples [31]. Therefore, these results

are considered semi-quantitative, thus, the composition of

the coatings and the Al2O3 layers are not stoichiometric [32].

The coating thickness for the methacrylate derivatives that

were estimated by using GD-OES and SEM analysis before and

after being exposed to the electrolyte are summarized in the

Table 2.

On the other hand, the coating thickness for coated sam-

ples, AA-PMMA, AA-PBMA, and AA-PHMA, was also estimated

from FE-SEM images, as shown in Fig. 3. Before exposure, all

coated samples revealed a coating thickness between 3.1

<d < 6.2 mm, as well as having homogeneous surfaces. The

thinnest thickness was that of the AA-PMMA sample (see

Fig. 3 (a)), while the thickest was that of the AA-PBMA sample

(see Fig. 3 (b)). Notice that the differences in the thickness that

were estimated by using GD-OES and FE-SEM analyses can be

attributed to the accuracy of the techniques, but also due to

the FE-SEM analysis being performed in a local area, which

could also have been strongly influenced by the coating ho-

mogeneity. After 56 days of exposure, almost all coatings
es coatings on themetal surface before and after exposure.

PBMA PHMA

Before After Before After

5.1 n.m 5.9 n.m

6.2 ± 0.0 16.8 ± 1,4 5.2 ± 0.3 38.7 ± 0.7

https://doi.org/10.1016/j.jmrt.2021.11.067
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Fig. 3 e FE-SEM cross-section images of coated samples (a,b,c) prior to and (d,e,f) after a 56 days exposure in 0.1 M Na2SO4

solution (a,d) AA-PMMA (b,e) AA-PBMA and (c,f) AA-PHMA samples.
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showed an increase in thickness. In particular, the AA-PMMA

film revealed an increase in thickness and a loss of adhesion

to the surface (see Fig. 3 (d)). This could be related to water

absorption, according to the contact angle behavior over time,

as shown in Fig. 2 (b), as reported by different authors in

literature [13,16,33]. Furthermore, it also appears that the AA-

PBMA film is the one with the lowest increase in thickness

after exposure (Fig. 3 (e)).

3.2. Electrochemical behavior

Figure 4 shows the Nyquist plot for AA-PMMA, AA-PBMA, and

AA-PHMA after 1 and 56 days of exposure to 0.1 M of Na2SO4,

and the equivalent circuit proposed. All samples exhibited

two capacitive loops, a sigle time constant at high range (HF)

and another at low-frequency range (LF). As can be also seen

in Bode plots, as shown in Fig. S4. The capacitance (C) of each

time constant was estimated through equation (1) at its

characteristic frequency (fc) [34]:

C¼ 1
�
2pfc

�� 2r
(1)

where 2r represents the diameter of the capacitive loop. C

values varied from 9.5 � 10�4 to 1.71 � 10�3 mF cm�2 at HF

range, while C was larger at LF range, varying from 0.1 to

1.7 mF cm�2. The total impedance for all the coated samples

decreased after 56 days, suggesting that the protective coating
Fig. 4 e Nyquist diagrams of coated AA-2024 after (a) 1 day, (b) 5

(c) equivalent circuit (---) Fit and experimental data obtained fo
properties decrease considerably over time, leaving the metal

surface exposed. However, this reduction was less dramatic

for the AA-PBMA sample in respect to AA-PMMA and AA-

PHMA. The time-constants at HF and LF domains were

assigned to the coating and the electric double layer (Cdl) due

to the capacitance values, respectively, as has been priorly

reported [35e37]. It is worth mentioning that for the uncoated

sample (AA), Nyquist and Bode plots revealed a capacitive

response with a single time-constant associated with the

alumina oxide formation, as reported by Blanc et al. [3],

Nguyen et al. [13], and Mu~noz et at. [20], which can also be

observed in Figs. S5 and S6 in the supplementary material.

All coated samples showed non-ideal capacitive behavior

at whole frequencies due to their current and potential dis-

tribution over the surface [38], revealing a constant phase

element (CPE) behavior that can be represented by the CPE

parameters, Q and a. Fig. 4(c) shows the proposed equivalent

circuit, where CPEC and CPEdl correspond to the coating and

the electric double layer capacitances. Additionally, the Re

represents the electrolyte resistance, while the RC corre-

sponds to the coating resistance, and the Rct represents the

charge transfer-resistant that occurs in the coating/metal

interface. Table 3 summarizes the fitting parameters.

Table 3 shows that for AA-PMMA and AA-PHMA samples,

QC values increased and -aC decreased over time.While for the

AA-PBMA sample, both CPE parameters varied slightly during

exposure. In particular, for AA-PBMA the -aC values were close
6 day of exposure in 0.1 M Na2SO4 solution at E ¼ OCP, and

r (,) AA-PMMA (B) AA-PBMA, and (D) AA-PHMA.
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Table 3 e EIS Fitting parameters.

ID t (days) CPEc CPEdl Rc x10
4 (U cm2) Rct x10

5 (U cm2)

-aC (�) QC �10�9 (F$s(a�1)$cm�2) -adl (�) Qdl �10�9 (F$s(a�1)$cm�2)

AA-PMMA 1 0.89 1.96 0.45 1.01 91.7 11.7

7 0.57 300.00 0.59 13.00 1.5 2.9

28 0.48 915.00 0.47 19.40 1.3 6.2

56 0.64 244.00 0.55 26.40 1.1 8.2

AA-PBMA 1 0.98 0.72 e e 106.0 e

7 0.95 1.10 e e 210.0 e

28 0.97 0.93 e e 89.0 e

56 0.96 1.10 e e 100.0 e

AA-PHMA 1 0.80 2.50 0.80 0.03 151.0 140.0

7 0.79 8.15 0.77 0.07 48.0 140.0

28 0.69 67.60 0.67 0.37 2.8 93.5

56 0.61 173.00 0.70 2.30 2.2 46.0
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to �1, which were higher than the -aC values for AA-PMMA

and AA-PHMA, possibly due to AA-PBMA was more homoge-

nious, suggesting also the best protective capabilities. More-

over, it should be noticed that the CPE parameters associated

with the electric double layer were revealed for AA-PMMA and

AA-PHMA samples, which increased during exposure. In this

context, Boucher et al. [37], proposed that the low Qdl values

can be associated with the low metal surface area exposed to

the electrolyte.

Figure 5 shows the Bode plot for AA-PMMA, AA-PBMA, and

AA-PHMA samples after 56 days of exposure. As mentioned

above, the coated samples exhibited two constants of time,

typical of coating/metal systems [15,39,40]. However, it should

be also noticed that the second loop at LF appeared for a longer

exposure time, which can be associated with the double layer

response of the metal, suggesting a breakdown of the coating.

Fig. 5(a) reveals that AA-PBMA had the highest modulus when

compared to the other samples. Therefore, it seems that the

length of the aliphatic chain does not have a relation with the

coating anticorrosive capability [41]. This agrees with the

angle analysis, where for instance, the angle dropped abruptly

for AA-PHMA, suggesting a quick water uptake that de-

teriorates their protection properties.

CPE parameters related to the coating properties were also

estimated using a graphical method, as summarized in Table
Fig. 5 e Bode plots of coated AA-2024 with (,) AA-PMMA (B) AA

0.1 M Na2SO4 solution at E ¼ OCP. (a) Modulus and (b) phase.
4. For the AA-PMMA sample, the CPE behavior associated with

the coating (at HF) was only observed after being exposed for

one day, revealing an a value around 0.88 and a Q coefficient

close to 1.85 � 10�5 (F s(a�1)$cm�2). For the AA-PBMA sample,

the CPE behavior presented an a average of 0.97, thus being

larger than AA-PMMA and AA-PHMA, since the frequency

distribution was probably lower. The Q coefficient varied from

0.77 � 10�9 to 1.06 � 10�9 F s(a�1) over time, this slight increase

with time indicated a porosity rise and/or a water up-take

through the coating [9,13,15]. For AA-PHMA, CPE behavior

was seen in MF and HF, possibly indicating a degradation, as

was previously described by Amand et al. [17]. These values

were similar than those estimated by fitting, validating the

equivalent circuit.

Figure 6 presents the evolution of |Z|LF as a function of the

exposure time, and it can be seen that all the samples show a

decrease of |Z|LF over time. However, for the sample coated

with the AA-PBMA polymer, the decrease occurs more slowly,

reaching a plateau after 30 days. This could be attributed to

the speed at which the water absorption occurs in the coat-

ings, that is, the speed at which the metal surface is accessed,

and the decrease in total impedance due to the contribution of

two signals, the coating, and the metal, limiting its protective

properties.
-PBMA, and (D) AA-PHMA after 56 days being exposure in
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Table 4 e Impedance parameters of coated samples after
exposure.

ID t/days -aHF Qeff,HF �10�9 (F$s(a�1)$cm�2)

AA-PMMA 1 0.88 1.8

AA-PBMA 1 0.98 0.7

7 0.97 0.9

28 0.97 0.9

56 0.96 1.1

AA-PHMA 1 0.84 1.6

7 0.76 14.2

Fig. 6 e Modulus of impedance at low-frequency of (,) AA-

PMMA (B) AA-PBMA, and (D) AA-PHMA as a function of

exposure time.

Fig. 8 e Variation of the infinite capacitance of coated AA-

2024 as a function of exposure to 0.1 M NaSO4 solution (,)

AA-PMMA (B) AA-PBMA, and (D) AA-PHMA.
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The infinite capacitances (C∞) were estimated from the

ColeeCole plot [36], as shown in Fig. 7 for coated samples after

1 and 56 days of immersion. The segmented lines represent

the criteria utilized on the C∞ determination, being by

extrapolation to the real capacitance (Creal), but where in one

case employing the slope of the complex capacitance at HF,

and the other case using the complex capacitance value at the

highest frequency. The AA-PBMA showed the lowest variation

between both criteria. Nevertheless, AA-PBMA and AA-PHMA

demonstrated that C∞ was drastically influenced by the
Fig. 7 e ColeeCole plots of coated AA-2024 with (a) AA-PMMA, (b

in 0.1 M Na2SO4 solution at E ¼ OCP (,,B;,D) 1 day and (-C,:) 5
criterium used. Therefore, choosing wrongly can imply a

misinterpretation later on.

Furthermore, Fig. 8 shows the variation of the C∞ obtained

from the extrapolation line with a slope for all evaluated

systems, revealing that the highest C∞ value was exhibited by

AA-PMMA and AA-PHMA samples, while AA-PBMA remained

almost constant across the exposure time.

From C∞ the coating thickness was estimated as was pre-

viously described by Benoit [35], Barr�es [42], Tran [43], and A. S.

Nguyen [13].

C∞ ¼ εε0

d
(2)

where ε0 and ε are the permittivity of the vacuum and the

dielectric constant for the coating [13,18] and equal to 3.3,

according to Nguyen et al. [13]. However, the ε of a water-

absorbent coating should change when this occurs; in fact,

the authors studied organic coatings deposited on AA-2024 by

EIS, showing that dielectric constants increased by up to 125%

after 42 days, as a result of water absorption in the coatings.

Figure 9 shows a comparison of coating thickness for all

coatings evaluated assuming a constant ε during the exposure

time and a variable ε, as observed by Nguyen et al. [13] and the

estimation made by contrasting the thickness values with FE-
) AA-PBMA and (c) AA-PHMA samples after being exposure

6 days.
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Fig. 9 e Coating thickness comparison with dielectric constant variation across exposure time. (a) PMMA, (b) PBMA and (c)

PHMA where (-,-,:) considering e constant ( , , ) considering that e increase a 125% until 42 days, and ( ,B,D) adjusting e

according to coating thickness observed by FE-SEM.
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SEM images. It should be noted that if ε is invariant throughout

the exposure time, the thickness of the coating experiences a

slight decrease. Whereas, if ε is estimated as a function of the

exposure time, the coating thickness values are possibly closer

to the real values. FE-SEM images reveal that all coatings
Fig. 10 e SEM images and schematic representation of coatings

PMMA (c,d) AA-PBMA and (e,f) AA-PHMA.
evaluated are thicker after 56 days, averaging 8.33 mm, 16.79 mm,

and 38.73 mm for AA-PMMA, AA-PBMA, and AA-PHMA, respec-

tively (seeFig. 3 (def)). By considering these coating thicknesses,

the dielectric constant was estimated after 56 days of exposure

for each sample, as shown inFig. 9 (in opensymbols). Therefore,
after 56 days of exposure in 0.1 M Na2SO4 solution (a,b) AA-
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experimental evidence suggests that the coating thickens over

exposure timedue towateruptake,which impliesan increase in

the dielectric constant under immersion.

Figure 10 shows the SEM images of coated samples after 56

days of exposure (top view) and a schematic representati�on of

the same sample. The increase in thickness was according to

the alkyl side chain for longer exposure times; thismeans that

the AA-PHMA proved to be thicker after 56 days than the AA-

PMMA. However, from an electrochemical point of view, AA-

PBMA showed the best performance when compared to the

other polymers, with a lower presence of the metal response,

which is in agreement with the images. As can be seen, the

AA-PBMA showed a more homogeneous surface even after 56

days of exposure. The dielectric constant (εÞ of the polymer

increased over time as water entered, thus once the dielectric

constant was estimated, the contribution of each to the con-

stant was achieved.
4. Conclusions

The thickness of the different polymethyl methacrylates

prepared by photopolymerization on AA2024 surfaces, previ-

ously treated with a plasma-Argon-based protocol, presented

thicknesses between 1 and 6 mm, as estimated by GD-OES and

FE-SEM measurements. These differences seem to be associ-

ated with the morphological differences of the polymethyl

methacrylates and the existence of a critical chain length to

achieve adequate and desirable degrees of compaction and

hydrophobicity in anticorrosive coatings.

AFM images reveal that an increase in the length of the

alkyl chain promotes an increase in the population density of

defects in the coatings and the surface hydrophobic proper-

ties. However, FE-SEM analyzes contradict the apparent in-

crease in surface hydrophobicity with chain length. These

images reveal in all cases a coating thickness increase, which

was associated with water permeability. However, the thick-

ness changes associated with water absorption were less

marked for the AA-PBMA sample. On the other hand, elec-

trochemical responses revealed that the protective efficiency

of the coatingswas not proportionally related to the side chain

length, as was originally proposed. AA-PBMA (four-carbon

alkyl chain) was the least deteriorated and with the best

protective characteristics. Even so, this polymer had a water

absorption of around 14% after 56 days of exposure to the

electrolyte.
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