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Abstract

AA7075-T6 is an aluminum alloy that has a high mechanical resistance; however, it shows corrosion vulnerability.
A usual method to improve the corrosion resistance is anodization in acidic medium, which forms a thin barrier layer
and a thicker porous oxide layer over the surface. This ultimate layer must be sealed to avoid electrolyte penetration. In
the present work, a Zr-based conversion coating was investigated as a novel method of cold sealing and compared to the
precipitation over bare AA7075-T6. The samples were characterized by Scan Electronic Microscopy (SEM) and Energy
Dispersive X-Ray Spectroscopy (EDX) to elucidate the mechanism of reaction on both natural aluminum oxide and anodic
oxide layer. The hydrophobicity properties were evaluated by contact angle measurements. The mechanism of deposition
suggested for the coating over the anodic oxide was analogue to the one that takes place over the bare alloy: an initial
attack by fluoride ions, local pH increase and Zr oxide precipitation. It was also possible to precipitate Zr oxide inside
the pores. An increase of 125% on the contact angle was observed for the Zr coating over anodized surfaces, while the
increase over the bare alloy was of 32%. Therefore, a robust coating system can be proposed involving the anodic layer

and the nanometric Zr oxide.
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1 Introduction

It is well known that aluminum alloys from 7000 series
are widely used to structural purposes, since they present high
tensile strength, as well as fatigue and abrasion resistance
and are also lighter than any steel alloy. This last property
being of great interest mainly for acronautical industry [1].
Among these alloys, AA7075 is one of the most used, often
hardened by a heat treatment of artificial ageing, called T6.
Through this procedure, second phase elements are added
to ensure a higher hardness. For the AA7075-T6 the main
elements added are Zn and Mg, but Fe, Si, Cu and Mn are
also present [2-5]. However, these particles are responsible
for a major vulnerability of the material to localized corrosion
since they form intermetallic particles that act as galvanic
micro-cells — 80% of these particles are cathodic or tend
to become cathodic in relation to aluminum, causing the
vicinities of each particle to corrode preferably [4,5]. Facing
this limitation, a suitable surface protection is required to
this material. One of the possibilities to protect aluminum

alloys from corrosion are chromium-based coatings, which
can provide high corrosion resistance, but it should be
considered that those which perform the better are the worst
in terms of toxicity issues: coatings containing Cr(VI) ions
are proven to be toxic to both humans and the environment
and are already prohibited in great part of the world [6,7].

On the other hand, there are non-toxic methods that
are already used. One of those is the conversion coating based
on H,ZrF, solutions, which can be easily applied rather by
spraying or immersion, providing a nanometric oxide layer
capable of increase corrosion protection and adhesion to
painting and other organic coatings [8]. Besides, there is
another conversion coating that shows great performance
and is widely used in aerospace industry, which consists
in anodization. The most common way of anodizing is
performed in acidic medium, where a porous layer of alumina
is obtained while an amount of current or potential is applied.
Mixtures of inorganic and organic acids are being used as
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electrolyte in order to replace chromic acid and thus comply
with the requirements of aerospace industry and also being
environmentally correct [9-12]. To ensure the protection
capacity of this coating, the porous characteristic must be
eliminated, i.e., the pores must be sealed in order to avoid
the penetration of corrosive electrolyte towards the metal
surface [13]. This means that the porous net could also
work as a rougher surface that would anchor other types of
coating, and thus enable an extra resistance [14].

The most common sealing technique used by the
industry is thermal sealing, where a hydroxide is formed
through the hydration of alumina, plugging the pores until
corrosion protection is improved. Nevertheless, this protection
improvement sometimes is not sufficient, so for a long
time Cr(VI) solutions were used to achieve better results,
because of its high capacity of corrosion protection and
self-healing [6]. But as it was already mentioned, Cr(VI)-
based surface treatments are being banned from industrial
methodology, so a field of research is open, aiming to find
non-toxic post-treatments for these anodized aluminum
alloys that can provide high corrosion resistance.

Traditional sealing methods spent high energy
amounts (temperatures up from 90 °C), therefore other
methods are being studied aiming to successfully seal the
pores at room temperature and that are also chromium-free.
Most studies of novel sealing methods have reported lower
corrosion resistance for cold sealing methods than for hot
sealing solutions — even when it is only boiling water [9,15].
There were studies of processes carried out at 50 °C [16],
70 °C [17], or both complex and high temperature processes,
i.e., sol-gel coatings [18-20]. However, there were some
promising methods, where it was possible to improve the
corrosion resistance using lower temperatures [21,22]. One
of those promising recent studies has shown that a Zr-based
conversion coating can be used as a protection to porous
layers produced by anodizing in TSA of the AA7075-T6
alloy, at room temperature, enhancing its corrosion resistance
more than hydrothermal sealing [21].

This study aims to analyze the Zr-based conversion
coating as a post-treatment for the AA7075-T6 alloy, applied
by immersion at room temperature, after anodizing in
tartaric-sulfuric acid, comparing its morphology to that of
samples with and without sealing. Also, a comparison of
the same coating applied over the non-anodized alloy was
performed, to comprehend the similarities and possible
differences between both oxides — natural and anodic
alumina — as substrates for the Zr oxide precipitation. In
order to do so, SEM, EDS and contact angle analyses were
performed to evaluate the surface properties of the different
protection systems.

2 Materials and methods

The samples used for the present work consisted of
AA7075-T6 aluminum alloy plates with 80 mm high, 40 mm
wide and 2.8 mm thick. Table 1 shows the composition of
the plates, measured by X-Ray Fluorescence.

The XRF results are not totally in accordance with
the nominal composition of the AA7075-T6 alloy. The Cu
amount was lower than expected, i.e., 1.2% to 2% [23]. Since
Cu is responsible for most of the problematic intermetallic
particles in terms of anodizing [23-27], its lower amount
might have caused a positive outcome on the anodic film
formation of this study.

2.1 Preparation of samples for anodizing

The samples were sanded with SiC papers from
#320 up to #4000 and then polished with diamond paste
of 1 um. Then, degreasing was performed using Saloclean
667N from Klintex® (a neutral degreaser made for Al and
its alloys, containing sodium carbonate, sodium metasilicate
and nonyl ethoxylated phenol) 70 g.L-" at 70 °C for 10 min.
After that the samples were rinsed with deionized water and
dried with hot air jet prior to the pickling process, which was
an immersion in NaOH 10% (wt.) for 2 min followed by
deoxidation/neutralization and removal of some precipitates
from the surface immersing the samples in HNO, 30% (v.)
for 30 s, both at room temperature. After these processes
the samples were rinsed with deionized water and dried
with hot air jet a last time before each coating procedure to
which they were subjected.

2.2 Anodizing process

A mixture of an inorganic and an organic acid
was used as the electrolyte for the anodizing process.
The solution called TSA is compound by sulfuric acid
and tartaric acid in proportions of 40 g.L-' H,SO, +
80 g.L' C,H,0,. Also, a commercial surfactant, Arkopal®
(4-nonylphenyl-polyethylene glycol) from Sigma-Aldrich,
1 g.L-1, was added to the electrolyte to ensure the cathodes
wettability and thus ensure the current flow during the
anodizing processes [18,28]. The cathodes were two Pb
leaves of 10 cm wide and 6 cm high each, one in front of
the other inside the anodizing cell, separated by 14 cm.
At the center, the samples were arranged so as to be
equidistant from both cathodes, attached to a copper wire
by metal fasteners, ensuring adequate electrical contact.
The anodizing process was galvanostatic and the current
was provided by a source of the model iCEL PS-5000,

Table 1. Chemical composition (% wt.) of the aluminum alloy used in this work

Al Zn Mg Fe Si
92.096 + 0.229 5.712 £ 0.062 1.222 +0.278 0.291 £ 0.016 0.116 = 0.023
Cu Zr Ti Mn Cr
0.154 +£0.007 0.088 +0.002 0.052 + 0.005 0.046 £ 0.012 0.206 + 0.007
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applying a current density of 1 A.dm? for 20 min. The
process was carried out under constant agitation using
a magnetic bar at a constant temperature of 20 °C [29].
Temperature control was achieved through a thermostatic
bath connected to glass coils placed inside the anodizing
cell. The samples had a working area of 25 cm? on each
side. Subsequently, the anodized samples were rinsed
with deionized water inside a beaker and under agitation
for 1 min to remove excess acid from the pores and then
dried with warm air jet.

2.3 Thermal sealing process

In order to hydrothermally seal the pores of anodized
samples, immersions were made in boiling deionized water
for 20 min. This time of sealing was chosen based on the
literature [30], considering the thickness of the obtained
anodic oxides and adding 2 min to ensure a suitable sealing.

2.4 Zr Conversion coating

The conversion coating was produced from
hexafluorozirconic acid (H,ZrF,) aqueous solutions. These
solutions were prepared from a 50% (wt.) commercial
solution from Sigma-Aldrich, which density is 1.512 g.mL"".
The final concentration was 15 g. L' of H,ZrF, and the
pH was adjusted to 3 and 3.5, using a solution of NaOH
40 g. L', A Marconi MA765 disc lift was used to perform the
dip-coating method. The time of immersion was maintained
at 2 min and the rate for both immersion and removal at
420 mm.min!. The processes were carried out at room
temperature — between 20 °C and 25 °C. Subsequently, the
samples were rinsed with deionized water and dried with

warm air jet. This procedure was carried out to both bare
and anodized alloys.

2.5 Characterization of anodized layer
and conversion coating

All the samples were characterized by Scanning
Electron Microscopy (SEM) and Energy Dispersive X-Ray
Spectroscopy (EDX), using a Phenom ProX equipment, under
an acceleration voltage of 15 kV for SEM images and 5 kV
for EDX measures. In order to verify the hydrophobicity of
each surface, contact angle measurements were performed.
The assay was performed by the sessile drop method using
a SEO Phoenix Mini equipment and the liquid used was
ultrapure water. The contact angle of each drop was determined
by an image analysis program and averages were obtained
from at least 5 measurements for each sample.

3 Results

3.1 Scanning Electron Microscopy (SEM) and
Energy Dispersion X-ray Spectroscopy (EDS)

3.1.1 Post-treated bare samples

The surface of the AA7075 alloy without anodizing
that was treated with Zr conversion coating is shown in
Figure 1. The chemical analyses are present in Table 2.
Region 1 comprises the scan of the whole analyzed area,
while on the zoomed area the measures were performed in
points. Point 2 showed a cathodic particle, near to which a
high amount of white precipitate was formed. Point 3 showed

Figure 1. SEM micrograph of the bare AA7075 alloy treated with H,ZrF .
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Table 2. Chemical compositions (%wt.) of region 1 and points 2 to 4 in Figure 1

Zr (0] Al F Zn Mg Fe Si
1 5.35 5.85 79.43 1.84 5.77 1.76 - -
2 8.69 7.10 67.53 6.04 3.54 1.25 5.84 -
3 35.87 16.79 34.84 8.50 3.27 0.73 - -
4 4.39 4.80 81.08 1.89 5.80 2.04 - -

the highest concentration of Zr, indicating that this white
morphology found in abundance consists of precipitation
of Zr oxide

3.2 Post-treated anodized samples

The SEM micrographs of the surfaces of AA7075
anodized in TSA are shown in Figure 2. Figure 3 and
Tables 3 to 5 present the analyzed regions and their respective
mass compositions. Region 1 corresponds to the analysis
of the entire region of the image, performed by scanning.

Figure 4 shows the SEM images of the cross section
of AA7075 alloy anodized and covered with the nanometric
Zr coating.

3.3 Contact angle analysis

The sessile drop over the AA7075 surface after
treatment with H,ZrF, and the results obtained for the same
treatment over the anodized layer are shown in Figure 5.

4 Discussion
4.1 Post-treated bare samples

The morphology after immersion in H,ZrF, presented
several regions with white irregular depositions. The chemical
analyses (Table 2) indicated a preferential deposition of
Zr on the regions with precipitates, which agrees with the
literature [7,8,31]. Higher amounts of white precipitate were
formed near to cathodic particles (point 2 of EDS analysis).
That corroborates with the literature regarding the cathodic
particles increasing the activity of the Al matrix around them
and thus promoting a greater deposition of the conversion
layer [8,32]. In addition, a high content of Zr and fluoride was
detected, which suggests that the F- ions present in H ZrF,
solution play an important role on the deposition of the Zr
conversion layer. That proposition is also in agreement with
the literature [9,33,34].

4.2 Post-treated anodized samples

The SEM images of the surfaces of AA7075 anodized
in TSA revealed a heterogeneous oxide with irregular porosity,
containing second phase particles that were not anodized,
some of those are indicated by red arrows on Figure 2a,
as Garcia-Rubio et al. [35] had found for AA2024 alloy
anodized in TSA. One can observe that the anodized samples

Tecnol Metal Mater Min. 2021;18:¢2407

Figure 2. SEM micrographs of AA7075 alloy anodized in TSA without
sealing (a), after immersion in H,ZrF, 1% (pH 3) (b) and with thermal
sealing (c).

treated with H,ZrF, were not drastically modified: only a
slightly coarser porosity was observed (Figure 2b), which
was comparable to what was found for the AA2024 anodized
in TSA and post-treated with Alodine® 1200 — conversion
coating based on Cr(VI) [35] and is in agreement with the
initial attack promoted by the F ions. In addition, regions with
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Figure 3. SEM micrographs of anodized AA7075 alloy without sealing (a), immersed in H,ZrF 1% solution with pH 3 (b) and 3.5 (c), indicating
the points where EDS analyses were performed.

Table 3. Chemical compositions (%wt.) of the region (1) and points 2 to 4 in Figure 3a

(0] Al Zn Mg Fe Si S
1 49.64 44.39 231 0.38 - - 3.28
2 40.63 43.96 1.09 - 10.29 2.24 1.79
3 43.01 44.26 1.09 - 7.40 1.92 2.33
4 49.15 43.71 3.16 0.53 - - 3.45

Table 4. Chemical compositions (%wt.) of the region (1) and points 2 to 5 of Figure 3b

Zr (0] Al F Zn Mg Fe Si S
1 6.34 4227 41.89 2.17 3.91 0.27 - - 3.16
2 12.86 31.15 36.75 6.11 1.97 - 7.75 1.88 1.53
3 17.07 34.20 36.83 3.40 2.89 - 227 0.85 2.49
4 6.48 26.08 45.95 6.33 2.36 0.29 9.13 1.48 1.90
5 4.61 44.23 43.21 - 4.52 - - - 3.42

Table 5. Chemical compositions (%wt.) of the region (1) and points 2 to 5 of Figure 3¢

Zr o Al F Zn Mg Fe Si S
1 9.38 42.56 38.85 2.46 4.04 - - - 2.71
2 21.39 32.88 28.42 5.73 2.08 - 6.71 1.23 1.56
3 20.60 38.94 22.59 10.52 2.37 - 2.15 1.20 1.64
4 12.72 37.83 39.28 3.73 422 - - - 2.21
5 6.68 43.13 4322 - 3.15 0.59 - - 3.24

clear precipitates were observed and subsequently identified
as the conversion coating upon the cathodic particles of the
alloy, indicated by blue arrows on Figure 2b. In contrast, for
the sample that underwent hydrothermal sealing, a considerable
morphological alteration was observed, showing typical
crystals in “petal” shape across the surface (Figure 2c),
which indicates a successful sealing [36].

As it was possible to evaluate by EDS chemical
analyses, all samples of AA7075 anodized in TSA presented
oxygen content, which was expected due to the formation of
alumina. A certain amount of remanescent sulfur was also
verified, incorporated from the anodizing bath, which was
also expected and already described in literature [12,15,17].
It was possible to detect the presence of Zr on the samples
treated with H ZrF as is was already described in previous
works [21,37].

Tecnol Metal Mater Min. 2021;18:¢2407

More precipitates with slightly larger sizes were
visible on the entire surface treated with H ZrF, (Figure 2b),
which is consistent with the precipitation of Zr oxide on and
around the cathodic particles that were not anodized and
remained on the surface, according to the chemical analyses
(Table 2) and with the literature for non-anodized [8,32] and
for anodized aluminum alloy [21,37]. Therefore, one can
consider that the phenomenon observed after the treatment
with H ZrF_ of AA7075 on non-anodized alloys occurred
in an analogue way for the anodized alloy.

The H,ZrF, solution with pH 3.5 promoted a more
effective precipitation of Zr oxide than that with pH 3,
according to the contents obtained for Zr on both points
on the intermetallic particle (points 2 and 3 of Table 5,
comparing to the same points of Table 4). The important role
of F anions on the deposition mechanism was evidenced,
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since the EDS analysis at the oxide layer showed no amount
of F and, consequently, less content of Zr (point 5 of both
Tables 4 and 5), in contrast to what happens near to cathodic
particles.

Previous studies have demonstrated the efficacy
in terms of corrosion resistance of these treatments for
anodized AA7075 alloy [21,37]. That improvement of
corrosion resistance was attributed to a sealing behavior of
the conversion coating when applied to the anodic layer,
verified by Electrochemical Impedance Spectroscopy (EIS)
measures, and compared to hydrothermal sealing. A model of
Electrical Equivalent Circuit (EEC) was proposed, suggesting
that the nanometric ZrO, can penetrate into the porous layer,
leading to a partial sealing of the pores [21,37]. The SEM
micrographs of cross section samples (Figure 4) showed no
increase of thickness when they were immersed in H,ZrF
solution, which supports the hypothesis of that nanometric
Zr oxide particles could react with the outer porous layer,
growing (i.e., precipitating) towards its interior. Aiming
to a complete understanding of the interaction between
the nanometric oxide with the anodic oxide, this system
should be further investigated by TEM analysis, as was
done by George et al. for Zr-based conversion coatings on
aluminum and Al-Cu alloys [38]. Notably, these authors
verified a process that comprised simultaneously the natural
oxide consuming and the Zr oxide growing, focusing on the
influence of immersion time and Cu presence on the rate
of Zr oxide growing.

4.3 Contact angle analysis

The analysis of the contact angle for the different
protection systems of AA7075 alloy revealed different
surface properties for each of them. Treatments of chemical
modification of the surface aiming to increase the contact
angle of aluminum alloys were performed by Liu et al. [39]

L

g | 591 = 0.14

on anodized layers, but not involving Zr conversion coating,
and by Thangavelu et al. [40], whose study comprised
nanocomposite coatings containing ZrO, over AA7075, but
without anodization. After anodizing in tartaric-sulfuric acid,
a hydrophilic surface was verified, which is consistent with
the literature [41]. An increase of 32% in the contact angle
after the treatment with H,ZrF, was observed (Figure 5).
Some increase was already expected, since this treatment
results in the deposition of nanometric oxides and obtaining
nanometric morphologies is one of the possible ways to
form hydrophobic and superhydrophobic surfaces [42-45].
The same treatment over the anodized layer promoted a
more pronounced effect on contact angle: an increasing
of 123% (for pH 3) and 127% (for pH 3.5). Moreover, the
samples that were not anodized showed greater dispersion
in the results, which suggests a greater heterogeneity of the
coating — this hypothesis is in accordance with the SEM
results, that showed an accumulation of Zr oxide close to
cathodic particles and other areas with very lower amount
of Zr (Figure 1 and Table 2).

A difference between both substrates was expected
because of the nature of anodized layers, that is, rougher
than the natural aluminum oxide. A surface full of pores
that result in a larger area for the reaction of Zr oxide
precipitation to take place. Thus, the anodized layer acted
as the first step to obtain hydrophobic surfaces — increase
the roughness, i.¢., geometrically increases hydrophobicity,
according to Wenzel’s model [42] — while the Zr nanocoating
represented the second step — the chemical modification,
leading to an increase on the amount of air trapped within
the pores, accordingly to Cassie model [41,43,44]. That is,
since the Zr oxide can precipitate inside and over a large
amount of pore mouths from the outer porous layer, acting
as an appropriate sealing method [21,37], a most dense and
homogeneous conversion coating is formed, and this becomes
a more robust system, suitable to achieve hydrophobicity.

Figure 4. SEM images of the cross sections of samples of the AA7075 anodized in TSA: unsealed (a) and treated with H,ZrF, 1% solution
(pH 3.5) (b), with their respective thickness values and standard deviations.

Tecnol Metal Mater Min. 2021;18:¢2407
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Figure 5. Sessile drop images obtained for the AA7075 alloy surfaces: bare (a), treated with H,ZrF, 1% solution pH 3.5 (b) and anodized in
TSA (c-f): unsealed (c), hydrothermally sealed (d), treated with H,ZrF, 1% solution (e, ): pH 3.0 (¢) and pH 3.5 (f).

For the anodized samples that were post-treated
with H ZrF (Figure Se, 5f), a hydrophobic behavior was
verified, that is, a contact angle greater than 90°, indicating
that Zr oxide causes a change in the surface properties of the
anodized layer of the AA7075 alloy, which was hydrophilic
before the treatment. Although the results of microscopy
showed a slight difference between samples treated with
solutions of pH 3 or 3.5, the surface properties evidenced
by contact angle for both treatments of pH 3 or 3.5 were
considered the same, i.e., the difference stayed within the
standard deviation. A wider range of pH values should be
investigated to verify their influence on the contact angle.

The hydrothermally sealed anodized surface showed a
contact angle of 76.5, that is, an increasing of 84% compared
to unsealed one, which means it provided a lower increase
on the contact angle compared to the post-treatment with
H,ZrF,, not reaching hydrophobicity. This phenomenon
suggests that the hydrating mechanism that takes place
during the hydrothermal sealing process is not as efficient

Tecnol Metal Mater Min. 2021;18:e2407

on modifying the surface properties as the Zr conversion
coating; a possible explanation is that the mechanism of
transition from alumina to bohemite and swelling of the
pore walls does not provide the air trapping required to
improve hydrophobicity, while the Zr nanocoating does it.

5 Conclusions

It was possible to propose a mechanism promoted
by the treatment with H,ZrF_ on the anodized and bare
AA7075 alloy, based on analyses of morphology, chemical
composition and hydrophobicity. The F anions present in the
solution activates the surface for the reaction of precipitation
through a slight initial attack on the natural or porous anodic
Al oxide, respectively for the bare and anodized alloy.
A localized increase of pH takes place on these attacked
regions, which allows the precipitation of Zr oxide. On the
anodized alloy the mechanism also involves the growing of
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Zr nanometric oxide towards the porous layer of the anodic
oxide, indicating that the reaction happens not only on the
pores’ mouths but also along the superior portions of the
pores’ walls, i.e., inside the cavities. In addition, regions
with cathodic intermetallic particles accumulated greater
amounts of Zr oxide, due to its increased reactivity with
the fluoride anions; this phenomenon was more noticeable
for the bare alloy.

The contact angles indicated that nanometric properties
of Zr oxide tend to produce hydrophobic surfaces on 7075-T6
aluminum alloy. However, a satisfactory effect was only
ensured when this oxide is precipitated on the anodized
alloy. Thus, one can suggest that the Zr nanometric oxide
coating can act synergistically with the anodized layer of the
AAT075-T6 alloy, creating a robust toxicity-free corrosion
protection system. The greater increase on the contact angle
provided by the Zr oxide over anodized samples can be
mostly attributed to the nanometric scale of its porous layer,
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