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Abstract: In this study, 6061 Al alloy was galvanostatically anodized under the Plasma Electrolytic
Oxidation (PEO) condition. A factorial design of 22 was carried out using two variables (anodization
time and presence of silver in the electrolyte) on two levels, i.e., 20 and 60 min of anodization and
the absence/presence of silver ions in the electrolyte. The Al anodization was performed in sodium
silicate electrolyte, applying a constant current density of 20 mA cm−2. The oxide characterization
was performed by Scanning Electron Microscopy (SEM), surface roughness analysis (RMS), Energy
Dispersive Spectroscopy (EDS), Rutherford Backscattered Spectroscopy (RBS), and Grazing Incidence
X-ray Diffraction (GIXRD). The SEM micrographs revealed an irregular porous structure with cracks
on the oxide surface composed of a thin crystalline layer of γ-Al2O3 over the Al substrate. From EDS
and RBS analysis, it was possible to identify the elements Al, O, Si, Ag, and Na, demonstrating that a
shorter anodization time (20 min) led to a significant amount of silver deposits on the outer layer of
the oxide coating, mainly deposited in the surroundings of the pores. Conversely, the silver content
on the PEO film anodized for 60 min was meager. These results demonstrated that the anodization
time was the critical control variable for the amount of silver deposited over the oxide film. The
shorter the anodizing time, the higher the silver content on the PEO coating.

Keywords: Plasma Electrolytic Oxidation (PEO); aluminum anodization; silver deposition;
alumina coatings

1. Introduction

This study investigated the influence of anodization time for silver nanoparticles
deposition over alumina coatings fabricated by Plasma Electrolytic Oxidation (PEO) on
6061 aluminum alloy (AA6061) in sodium silicate media. This technique is commonly
used for surface treatment of Al, Ti, Mg, Nb, Zr, and their alloys [1–3], forming an oxide
layer that is rigidly adhered to the metal substrate with high electrical and mechanical
resistance. The composition, morphology, and microstructure of the anodic oxide can be
controlled by experimental conditions, such as electrolyte composition, applied current
or voltage, temperature, and duration, which can lead to the formation of coatings with
different properties [3–5]. Different from the conventional anodization, a high applied
voltage is imposed in the anode to promote the oxide dielectric breakdown, which favors
the incorporation of species from the electrolyte into the oxide films due to simultaneous
events occurring during PEO processes, such as localized destruction/rebuilding of oxide,
electric discharges, plasma formation, gas evolution, Joule heating, and cooling [1,6,7].
Adding specific ions or particles in the electrolyte can modify the coating properties [8–11],
tailoring them to a particular interest or industrial application. Additionally, this technique
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is advantageous in terms of synthesis duration, allowing the fabrication of alumina coatings
for different purposes in a fast one-step fabrication method.

Regarding the Aluminum PEO, reports in the literature have described the incorpo-
ration of particles into the oxide coating from the electrolyte to enhance their corrosion
resistance, wear, and tribological properties [12–15], catalytic activity [16–18], magnetic
properties [19,20], and antimicrobial properties [21–26]. Studies that focus on improving
the corrosion resistance and tribological properties reported the use of carbon-based addi-
tives [12,13] and α-Al2O3 [14], and ZrO2 [15] powders in the electrolyte. In addition, W, Co,
and Ni species are reported as an additive in PEO electrolytes to improve the catalytic prop-
erties of alumina coatings in thiophene oxidation [16] and CO conversion to CO2 [17,18].
On the other hand, Fe species were incorporated from the electrolyte to provide a magnetic
property to the PEO oxide coatings [19,20]. For improving antibacterial and antifouling
properties, silver [22–25] and copper [21,22,26] were explored as additives of alumina PEO
coatings produced in silicate media.

The incorporation of antimicrobial agents from the electrolyte is widely explored on
PEO coatings produced over Ti and Mg substrates for biomedical applications [27–32].
Still, it is not commonly employed in aluminum alloys because of the low biocompatibility
of this metal. Therefore, relatively few studies using silver species to modify the anodic
alumina using PEO can be found in the literature. Nevertheless, as a metal-base substrate
employed in several areas, surface treatments in Al can be a strategic solution to biobur-
den control and healthcare environments such as hospitals [33,34]. For example, some
authors demonstrated that adding silver powders in the alkaline silicate electrolytes signifi-
cantly enhanced the antifouling and antibacterial properties of PEO coatings on AA7075
alloys [22–24]. On the other hand, Santos et al. [25] observed that the incorporation of silver
particles or silver ions into the alumina coating and the antimicrobial effectiveness were
dependent on the electrolyte design.

The present work investigated the effects of anodizing time and silver addition in
the electrolyte for Al treatment by PEO. Silver nitrate salt was chosen as the silver precur-
sor. Using powder additives directly to the electrolyte is a common strategy [8], despite
increasing solution resistivity and PEO voltage, which requires more energy input. There-
fore, in this study, the incorporation of silver in the ionic form was carried out to ensure
the required energy during the metal treatment. The oxide was produced in one step
and monitored by transient voltage curves. The characterization was performed by Scan-
ning Electron Microscopy with Energy Dispersive Spectroscopy (SEM-EDS), Rutherford
Backscattered Spectroscopy (RBS), roughness analysis (RMS), and Grazing Incidence X-ray
Diffraction (GIXRD). The findings revealed an alternative to depositing silver species over
the aluminum substrate using a fast one-step synthesis.

2. Experimental Procedure

Anodic oxide coatings were grown in 6061 Al alloy substrates by PEO. Samples were
cut in reduced dimensions (2.0 cm × 0.5 cm × 0.6 cm), mechanically polished using #600
and #1200 sandpapers, and degreased with acetone and detergent. The PEO treatment
was carried out in an electrolytic reactor with an external cooling system. Two platinum
foils were used as cathodes parallel to the anode to obtain a homogeneous electric field
distribution over the electrode surfaces and a total anode area of 1 cm2 immersed in the
electrolyte. Constant current anodization was performed using a Keithley 2410 1100 V
Source Meter coupled to a high-potential probe (Tektronix—P6015A). A digital recorder
(E-Corder 410 Edaq) acquired the potential transient curves in situ with a 40 Hz sampling
rate. The samples were prepared in an alkaline aqueous solution containing 0.1 mol L−1

Na2SiO3 (conductivity 19.9 ± 1.0 µS cm−2, pH 12.4 ± 1.0) with and without 1 mmol L−1

AgNO3 (conductivity 20.0 ± 1.0 µScm−2, pH 12.2 ± 1.0) and under magnetic bar stirring.
A constant current of 20 mA cm−2 was applied during the experiment, and two sets of
coatings were produced under two anodization time levels: 20 and 60 min. The electrolyte
temperature during the synthesis was recorded, started at 25 ◦C before the PEO ignition,
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and increased up to 29.2 ± 0.3 ◦C till the end of anodization. The samples prepared after
PEO treatment were cleaned with distilled water and air-dried.

2.1. Material Characterization

The morphology and microstructure of PEO surface coatings were characterized by
high-resolution FEG-SEM Quanta 650.

A Hitachi TM3000 Tabletop Microscope obtained the semi-quantitative composition
analysis with EDS. After anodization, the surface color-map analysis was used to illustrate
the Ag distribution on the alumina coating over the Al substrate.

Investigation of elemental chemical composition and depth profile was carried out
using RBS measurements at the Laboratory for Material Analysis with Ion Beams (LAMFI-
USP) of the University of Sao Paulo, employing ion beams of He+ with 2.2 MeV energies
in a Pelletron Tandem accelerator. Two solid-state SSB detectors were placed at scattering
angles of 122◦ and 170◦, respective to the ion beam direction. The samples were placed
at an angle of −7◦, respective to the normal ion incidence, and the measurements were
performed with 10 µC of charge accumulation. A quantitative and self-consistent analysis
of the RBS spectra was made using the MultiSIMNRA platform [35], fitting all spectra
simultaneously on several instances of the SIMNRA software [36]. Minimizing an objective
χ2 function, MultiSIMNRA calculates a reasonable elemental depth profile of the sample
that best explains all spectra simultaneously, assuming a model with several homogenous
thin layers. Duplicate samples were submitted to RBS analysis.

The crystal structure of the PEO alumina layer was investigated in Grazing Inci-
dence X-ray Diffraction (GIXRD) mode using a Shimadzu XRD-6100 with Cu Kα radiation
(λ =1.5418 Å) at 40 kV and 30 mA. The GIXRD patterns were recorded in the 2θ range of
10–90◦ with a 0.02◦ step (10 s per step) and a fixed θ value of 10◦. In addition, the crystallite
size of the γ-Al2O3 phase was determined by diffraction peak at 2θ = 66.9◦ and using
Scherrer’s equation [37]. The GIXDR analysis was performed in duplicate.

The roughness of the PEO coatings was determined using a profilometer Veeco DekTak
ISO mode Standard Scan with 12.5 µm radius, 3 mg force, 2000 µm length, 0.513 µm
sample−1 resolution, and an analysis duration of 13 s. Ten measurements were performed
in each sample at different surface points. All the experiments were performed in triplicate.

2.2. Factorial Design

This study used a 22 factorial design (2 variables and two levels), resulting in four
experiments (22 = 4). One of the advantages of using this chemometric procedure is
reducing the required number of experiments for large-scale procedures and quantifying
the main and cross-linked effects of each variable in some specific responses [30,31]. Based
on a previous study [25], the anodization time and the silver content in the electrolyte
were chosen as variables. These variables were studied at two fixed levels indicated by
(-) and (+) in the factorial design matrix in Table 1. The three different responses were
analyzed. As a morphological response, the surface roughness of the oxide was measured
(Root mean square—RMS). The microstructural response was the crystallite size, whereas
the compositional response was the percentage of Ag and Si on the surface of the oxide
layer. A 95% confidence interval was used to calculate the experimental error associated
with the responses and variable effects.
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Table 1. 22 factorial design combining experimental variables with their values and the analyzed responses.

Variable
Level Exp. A B(−) (+)

(A) Anodization time (min.) 20 60 S20 − −

(B) Ag+ ion content Without With S60 + −

Responses: RMS, Crystallite size, Ag and Si content S20Ag − +

S60Ag + +

3. Results and Discussion

Figure 1 depicts the transient voltage profiles of aluminum obtained under the gal-
vanostatic regime according to the experimental conditions presented in Table 1. Two
distinct regions (I and II) can be identified in the voltage transients. In region I, an al-
most linear increase in voltage up to about 350–400 V is observed due to the oxide barrier
growth. Region II is characterized by the oscillatory voltage observed during the PEO
process [3,6,38].
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Figure 1. Voltage transient curves for Al anodization in sodium silicate solution (SS) (A,B) and
sodium silicate solution containing Ag+ ions (SS + Ag+) (C–E) according to Table 1. Inset: early stages
of the voltage transient curves indicating the beginning (vertical traced lines) of region II and the
PEO ignition with sparks, with and without silver ions in the electrolyte.

The primary process responsible for oxide growth in the region I (Figure 1B) is the
ionic transport and the oxide growth on the interface metal/oxide [39]. As the oxide film
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thickness increases, the potential rises to maintain the electrical field constant until the
oxide thickness reaches a critical value. After this stage, a transition to a more intense
breakdown occurred with a voltage-transient slope change accompanied by heat, light
release, gas evolution, and voltage oscillations. The second region (Figure 1B) starts with
the ignition of the first sparks and the characteristic potential oscillatory behavior of the
PEO process [3,4]. At the beginning of this process, it is possible to visualize the first
short-lived sparks that contain a small area and low luminosity intensity and are uniformly
distributed over the coating surface, as observed in other studies [6]. In addition, small
amplitude fluctuations in voltage values were observed in this region and are associated
with continuous oxide destruction and rebuilding processes [40]. Once the oxide film is
disrupted, the reduced resistance at the exposed spot sites causes a current increase with
a simultaneous voltage decrease [41]. This process is followed immediately by the rapid
growth of the oxide film, which increases the voltage due to the local resistance of the oxide
at such spots, resulting in oscillatory behavior. As the anodization continues, sparking
discharges become more intense with longer lifetimes [4]. At this stage, the sparks grow in
size and duration, turning into micro arc discharges that appeared randomly distributed
over the surface coating [6,39]. A longer anodizing period applying constant current PEO
led to the micro arc regime, with more destructive effects on the oxide layer. Therefore,
since the anodizing time in the galvanostatic regime is correlated with the characteristics of
the sparks, it also influences the coating morphology.

Furthermore, as can be seen in the inset of Figure 1E, the presence of Ag+ ions in
the electrolyte might accelerate the oxide growth process, which can be noted by the
onset of the voltage oscillations where the oxide film reaches the critical thickness and
the PEO process begins. The breakdown voltage was observed at ~230 s in anodization
with Ag-containing electrolyte and ~420 s without silver. The effect of this time-lapse
may be related to changes in oxide composition and morphology during its formation
since the physicochemical properties of the electrolyte (pH and molar conductivity) do not
change with the presence of Ag ions. Furthermore, the formation of insoluble particles
dispersed in electrolyte solution can be observed during the experiment carried out in
different anodization times and in the presence of Ag+ ions, which might be responsible for
this behavior. These particles can result from a precipitation reaction between silicate anion
and Ag+ cation at the initial stages of the anodization (Equation (1)) or a process associated
with a reaction of the electrolyte ionic species in contact with the anode surface during the
spark and micro-arc regimes.

2Ag+
(aq) + SiO3

2-
(aq) → Ag2SiO3 (s) (1)

Both assumptions consider a change in silver concentration in the electrolyte and its
availability to deposition over the substrate. At this moment, it is impossible to assume
which of both hypotheses occurred. However, this behavior significantly influences the
morphology and composition of coatings, as pointed out in the subsequent description of
the results.

The properties of the oxide layer produced by PEO on aluminum depend on the
experimental conditions, mainly the type of electrolyte used [25]. Figure 2 shows the SEM
micrographs of alumina coatings produced under the experimental conditions depicted in
Table 1. The oxide layer produced in sodium silicate and Ag-containing sodium silicate
solutions showed a structure with an irregular porous distribution, with large elongated
pores, tiny pores, and protrusions. As can be seen in Figure 2, SEM micrographs reveal
different types of coatings, depicting small porous (~2 µm in diameter) and large porous
(~5 µm in diameter) depending on experimental conditions, and “hill-like” protrusion
structures on the surface [42]. From a visual inspection of the micrographs in Figure 2A,C,
a high number of small pores can be seen in the experiments performed for a short anodiza-
tion time, S20 and S20Ag, when compared with a longer anodization time (S60 and S60Ag)
(Figure 2B,D), where more prominent protrusions and elongated porous were observed.
Some of the elongated pores may originate from micropore connections.
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Furthermore, in SEM micrographs of experiment S60Ag (Figure 2D), where a more
compact oxide layer is present, small-sized micropores are observed inside large pores. In
addition, morphological aspects have been identified, such as cracks on the surface typically
observed in coating produced by the PEO process with an intense discharge regime. The
existence of cracks in the oxide surface may be associated with the effect of mechanical
stress caused by oxide volume expansion [43] or be a consequence of the PEO dynamic
events. Due to this irregular structure, the destructive effects on the film compromised
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the estimation of the layer thickness of S60 and S60Ag samples by SEM image analysis.
On the other hand, the S20 and S20Ag samples present similar oxide layer thicknesses of
27 ± 1.0 µm.

The different aspects of the morphology shown in SEM micrographs (Figure 2) can be
associated with distinct electrical discharge mechanisms as a consequence of the modifica-
tion of the electrolyte composition during anodization. As mentioned, sparks distributed
over the sample at the beginning of anodization present low intensity and a short lifetime.
As the anodization continues, the discharges become more intense, concentrated at points,
and have longer lifetimes [6,44]. The behavior of electrical discharges during anodization
significantly affects the coating morphology [6]. RMS analyses (Figure 2F) reveal that sam-
ples anodized for a longer time presented higher roughness (S60 and S60Ag). In addition,
the presence of Ag+ ions slightly changed the roughness of the coatings. Erfanifar et al. [45]
demonstrated that the surface roughness of oxides produced by PEO increases almost
linearly with the thickness of the oxide layer deposited on Al alloys. They suggested that
the increase in the roughness was related to increased discharge channel diameter and
protrusion height. Other studies have also shown the same behavior on PEO anodization
in Al alloys [46–48].

The higher magnification micrograph of experiment S20Ag (Figure 2E) revealed a sur-
face decorated by nanoparticles for a short anodizing time with silver ions in the electrolyte,
which was not observed in the samples coated in the other experiments. Therefore, EDS
and RBS analyses were carried out to identify the composition of the nanoparticles adhered
to the oxide surface. Figure 3 depicts SEM micrographs and the EDS color map of the
oxide coating surface for an amplified region of another region of the S20Ag sample. The
result revealed that these nanoparticles are composed of silver (blue spots in the color map).
Furthermore, the EDS results of all samples (Table 2) showed that the highest percentage of
silver (1.01 ± 0.13 at.%) was obtained in the experiment S20Ag.
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Table 2. EDS semi-quantitative analysis of the PEO coating and crystallite size.

Exp. Al (at.%) O (at.%) Si (at.%) Ag (at.%) Na (at.%) N (at.%)
γ-Al2O3

Crystallite Size
(nm)

S20 28.8 ± 1.2 57.8 ± 0.4 11.1 ± 0.7 1.8 ± 0.1 0.6 ± 0.0 15.1 ± 2.4
S60 17.9 ± 0.3 60.1 ± 0.2 18.9 ± 0.3 2.2 ± 0.2 0.9 ± 0.1 29.4 ± 0.8

S20Ag 27.1 ± 0.7 56.7 ± 0.8 12.8 ± 0.9 1.0 ± 0.1 1.8 ± 0.3 0.6 ± 0.4 14.7 ± 3.1
S60Ag 19.4 ± 0.3 59.9 ± 0.4 18.4 ± 0.2 0.0 ± 0.0 1.5 ± 0.1 0.8 ± 0.2 23.5 ± 3.5

RBS analysis refines the EDS results. The elements O, Na, Al, Si, and Ag are highlighted
in the spectra for S20Ag and S60Ag conditions (Figure 4A). For anodization, without Ag
ions (S20 e S60), similar spectra (not shown) were obtained, with no counts for silver.
Comparing the S20Ag spectrum (red data) with the S60Ag (blue data) clearly shows a
good similarity in the number of the major elements and a significant difference in the
Ag amount. This difference is quantified in the Ag depth profile for both anodization
times (Figure 4B,C), obtained from self-consistent spectra analysis with the MultiSIMNRA
platform. In this plot, the thickness of the films is expressed in TFUs, a thickness equivalent
unit corresponding to 1015 atoms/cm2. Its use is adequate since RBS does not consider
pores [49]. The plot reveals that the Ag atomic concentration is higher at the surface and
reduces along the coating. For the anodizing time of 20 min, the self-consist simulation of
the spectra suggests that the Ag amount on the surface is a hundred times greater than
60 min of anodization.
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Figure 4. (A) RBS spectra of alumina coatings, prepared in different anodization times in the presence
of Ag ions in the electrolyte, measured at a scattering angle of 170◦. (B,C) Depth profile of Ag atomic
percentage in the coatings from analyses with MultiSIMNRA platform. * TFU are density-independent
thickness units, equivalent to mass/area, with TFU ≡ 1015 atoms/cm2.

EDS color map demonstrates strong evidence that the coating produced in the condi-
tion of experiment S20Ag contains the elements (Al, O, Si, Na, and Ag) homogeneously
distributed over the oxide layer. In addition, however, silver appears as nanoparticle
aggregates adhered to the coating surface, as seen in the EDS color map and the SEM
micrograph of Figure 3. These results suggest that Ag was deposited at the beginning of the
process when a large concentration of Ag+ ions was available and when the anodic oxide
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coating was thinner. This first proposition is based on both prior assumptions regarding
the interaction of silicate and Ag+ ions and the low-intensity spark environment during the
beginning of anodization.

A second proposition is based on a simple redox replacement reaction [50,51]. The
aluminum presents a negative redox potential (Al3+/Al = −1.67 V vs. standard hydrogen
electrode (SHE)), and it is well known to be a suitable substrate for manufacturing metallic
structures by galvanic displacement. In contrast, Ag presents a positive redox potential
(Ag+/Ag = + 0.8 V vs. SHE) [50,51]. Therefore, it is feasible to suppose that at the beginning
of anodization, when the concentration of Ag+ ions is high, and there is direct contact of
these ions to the metallic Al anode, a spontaneous reduction of Ag+ ions over the Al surface
might occur [52,53]. EDS analysis also confirms that particles in the nanoscale were metallic
Ag (Figure 3). This analysis also confirms that the Ag particles are on the oxide surface
following the RBS results since, for the S20Ag samples, the Ag concentration decreases
four times in the first three simulated external layers (Figure 4C). The presence of nano
aggregates on the coating fits well with the RBS analysis conclusion.

Table 2 describes the semi-quantitative analysis obtained by EDS with the atomic
percentage of the elements present in the surface coatings produced by PEO and the
crystallite size of the γ-Al2O3 phase calculated by the Scherrer equation.

The incorporation of particles and specific chemical elements present in the electrolyte
composition is favored in the PEO process because of the dielectric breakdown events
that happen simultaneously with plasma ignition [1,6,8,39,54]. The EDS results show a
high percentage of oxygen in the coating surfaces, indicating the formation of the Al2O3
layer. Furthermore, the Al/Si content (at.%Al/at.%Si) changed from ~2.6 to ~1.0 when the
anodization time increased from 20 to 60 min. Some studies also showed that during the
PEO of aluminum in a silicate medium, the silicon could be incorporated into the oxide
layer in the form of SiO2 gel layers [38] or mullite (3Al2O3.2SiO2) [55]. Nevertheless, this
result does not change the effect of the anodization time on the amount of Ag detected
over the oxide coating since these silver particles are concentrated in a thinner outer layer
of the oxide.

The silver content in the oxide layer was detected only in sample S20Ag considering
the EDS results. However, the RBS analysis also detected silver content in sample S20Ag
and a small amount of silver in sample S60Ag. Hence, there was a decrease in the silver
content percentage in the outer oxide layer during the anodization, indicating that the
previously deposited silver nanoparticles could have been dissolved into the electrolyte
for an anodization time longer than 20 min. The Ag depth profile from RBS analysis
corroborates this (Figure 4B,C). Since the silver concentration for the S60Ag sample is
systematically lower along the film thickness, the silver aggregates must have been dis-
solved in the electrolytic solution during the anodization process. Furthermore, for a more
prolonged treatment time, the associated discharge regime changed from a spark to a
micro-arc regime [6,56] (Figure 1C,D) when the oxide formation is followed by disruptive
events, causing the decrease of the silver previously deposited over the anodic oxide. This
result also follows the propositions that consider a reaction between the silver and the
silicate ions occurring on the electrolyte side during the anodization.

The high temperature of the electric discharges can crystalize the oxide coatings during
the PEO treatment. Figure 5 shows the GIXRD patterns of the PEO coatings prepared
according to factorial design conditions described in Table 1.

The peaks of γ-Al2O3 were identified in 2θ = 39.4◦, 45.8◦, 66.9◦ (JCPDS card number
1-1303), and the cubic Al substrate in 2θ = 38.3◦, 44.8◦, 65◦ and 78◦. (JCPDS card number
4-787) [57]. The crystallization of the oxide coating is spontaneous and occurs due to the
dielectric breakdown events [1,54,58]. The intense aluminum peaks revealed that the oxide
film is thin enough to expose the metallic substrate. The comparison of the intensities
associated with the peak of Al2O3 (2θ = 66.9◦) and Al (2θ = 65◦) showed that for the
experiments with 60 min of anodization, there was an Al2O3/Al intensity ratio of 0.3, while
for the experiments with 20 min of anodization, the intensity ratio was 0.1. This result
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tallied with the increase in the crystallite size found for samples produced in a longer
anodizing time, which was calculated considering the half-height width of the γ-Al2O3
peak, as seen in Table 2.
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Regarding the thin outer oxide layer of the coating obtained after 20 min of anodization,
Figure 5 shows the most intense peaks expected for the Ag and SiO2 species since these
substances might be present in the first few coating layers, as illustrated in Figure 4B,C, in
the RBS depth profile analysis. The silver reflection patterns are almost equivalent to Al
reflections. The inset in Figure 5B depicts the deconvolution of peaks around 2θ = 44◦ in the
S20Ag sample. Three deconvoluted peaks can be calculated at 2θ = 44.3◦, 2θ = 44.8◦, and
2θ = 45.8◦, and they can be seen as cubic Ag (JCPDS card number 4-783), cubic Al (JCPDS
card number 4-787), and of γ-Al2O3. The asymmetry observed in all of the Al reflection
peaks’ bases might be associated with GIXRD analysis due to the optical configuration
of the goniometer and also because we are analyzing solid film samples and not powder.
This asymmetry can be better visualized in Figure 5C,D regarding the peaks around
2θ = 44◦, which compare samples S20/S20Ag and S60/S60Ag, respectively. Furthermore,
a low-intensity peak at 2θ = 22.3◦ for the most intense hkl peak (101) for the SiO2 was
detected (JCPDS card number 82-1406), indicating the deposition of this species over the
anodic oxide coatings.

From the factorial design analysis, the geometric representation in Figure 6 summarizes
the results of the microstructural, morphological, and compositional responses when the
experimental variables changed from one level (-) to another (+). The vertices of the square
represent the values (-) or (+) of each experimental variable studied: anodization time
and silver content in the electrolyte, according to the factorial design matrix (Table 1),
and the summarized results in Table 2 and Figure 2F. From Figure 6, we can visualize the
modification of the corresponding response according to variable values (levels). From
the compositional response, an increase in the silicon content (at.%Si) can be observed
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when the anodization time increases. As expected, silver was only detected when this
element was added to the electrolyte. On the other hand, the roughness and crystallite size
increased when the anodization time was increased from 20 min to 60 min. For instance,
the roughness of the coatings increased from 10.2 ± 2.1 µm to 25.2 ± 2.5 µm when the
anodization time increased, and silver was added to the electrolyte solution.
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Table 3 shows the principal and cross-linked effects of anodization time and the pres-
ence of silver on the electrolyte in morphological, microstructural, and compositional
responses. The indicated values in bold in Table 3 represent effects with a magnitude higher
than the associated error. The results showed that the silver in the electrolyte did not modify
the Si content, the crystallite size, or the surface roughness. The exception was observed
in the response of silver content (at.%), which was expected since, in this condition, this
element was purposely added to the electrolyte. The result from the morphological effect
showed that %RMS increased by 11.16 ± 3.15% with anodization time because larger pores
and protrusions were obtained in coatings produced in 60 min of anodization treatment,
as can be seen in Figure 2. The same behavior was observed in the microstructural re-
sponse. With the anodization time, the crystallite size of γ-Al2O3 crystals increased by
11.55 ± 5.28 nm. This result could be related to the effect of intensification of the electric
discharges during the anodization since the electric discharges present high temperatures,
creating areas of molten oxide where the crystals can grow [6]. Due to the irregularity
and high rugosity of the 60 min samples, it is possible that the grain size may not be
homogeneous throughout the oxide layer. In a study performed by Liu et al. [42], the
authors showed that the volume of the molten zones changed with anodization time, which
can favor the increase in the crystallite size in these regions. Even though the molten oxide
regions could be considered an environmental area for the incorporation of impurities
from the electrolyte, the crystallite size was influenced by the anodizing time and not by
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the presence of silver in the electrolyte because the concentration of AgNO3 is very low
(0.001 mol L−1) compared to the silicate anion concentration (0.1 mol L−1).

Table 3. Variable effects on morphological, microstructural, and compositional responses according
to 22 factorial design.

Estimative of Variables Effects on Studied Responses

Ag Content (at.%) Si Content (at.%) γ-Al2O3 Crystallite
Size (nm) %RMS

Main Effects ± SD
Anodizing Time (A) −0.49 ± 0.14 6.71 ± 1.16 11.55 ± 5.28 11.16 ± 3.15

Ag+ ion (B) 0.52 ± 0.14 0.62 ± 1.16 −3.15 ± 5.28 3.89 ± 3.15

Interaction of two
factors ± SD

A × B −0.49 ± 0.14 −1.15 ± 1.16 −2.75 ± 5.28 1.46 ± 3.15

The cross-linked interaction from both variables (anodization time and presence of
silver in the electrolyte) indicates a decrease in the Ag content, indicating that both variables,
when changing simultaneously during the anodization caused a decrease by −0.49 ± 0.14
at.% in that element content in the produced anodic coating. The other effects in Table 3
that presented lower values than the associated errors are not statistically significant and
can be disregarded.

To summarize, the most critical variable in the factorial design analysis was the
anodization time, which significantly modifies all responses, particularly the Ag content
(at.%) as nanoparticles adhered over the coating surface.

4. Conclusions

This study explored the effects of adding silver ions in the electrolyte used to produce
PEO coatings on commercial aluminum. A factorial design was used to verify the effects
of the variables’ “anodization time” and the “presence of silver” on the compositional,
morphological, and microstructural responses. The deposition of this element in the anodic
oxide coating was achieved by adding this element in ionic form into the electrolyte in a fast-
one-step synthesis of the PEO process. The PEO process promoted the oxide crystallization,
producing a thin layer of γ-Al2O3 over the Al substrate. SEM micrographs of different
samples showed that the main features of the coating’s morphology were not modified by
silver particles on the electrolyte, displaying a typical structure with irregular porous and
protrusions on the surface produced by PEO under the DC regime. EDS and RBS analysis
depicted that the coating composition is formed mainly by aluminum and silicon oxides.
For one specific condition, a higher silver percentage was homogeneously deposited on the
oxide surface in the form of several dispersed silver nanoparticles. From the factorial design
analysis, the increase in the anodization time caused an increase in the roughness, γ-Al2O3
crystallite size, and Si content in the coating. On the other hand, increasing the anodization
time decreased the Ag content but increased the surface roughness of all samples. The
sample produced in 20 min exhibited significant content of silver than the sample anodized
in 60 min.
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