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Abstract
Efforts at partial or total replacement of environmentally unfriendly and carcinogenic chromate in
conversion coatings on Al and its alloys are yielding some positive outcomes. This study investigated the
corrosion and adhesion performance of novel conversion coatings on Al6061 alloy using an
electrochemical test and microstructural examination of the alloy’s surface. The results of the
electrochemical assessments of ferric ions and hybrid coatings based on ferric ion/chromate as well as
ferric ion/molybdate in 3.5% NaCl revealed the superiority of ferric coatings over hybrid coatings.
Corrosion rate for ferric coatings was 0.037 mm/yr, while 0.246 mm/yr was recorded for ferric
ions/chromate, and the rate for ferric ions/molybdate coatings was 0.304 mm/yr. From scanning electron
microscopy, the coatings consisted of irregularly shaped materials that highlighted and decorated the
grains and sub-grain boundaries of their substrates. However, cracked morphologies, which were thought
to be weaknesses in the coatings, prevailed in hybrid coatings. Energy Dispersive X-ray analyzer, within
the limits of detection, revealed that the elemental components of the coatings were Al and O for ferric
coatings; Al, O, and Cr for Ferric/chromate; and ferric/molybdate had Al, O, and Mo, respectively. There
were no obvious disparities in the adhesion performance of the coatings as revealed by pull-off adhesion
tests after exposure to an atmospheric environment for 168 h. These pretreatments are suitable
replacements for highly concentrated generic chromate conversion coatings due to lower costs for process
effluent treatments compared to effluents from the latter.
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Introduction
The combination of lightness, strength, and workability makes aluminum and its alloys ideal materials for
mass-produced high-speed, light vehicles that are environment-friendly because of their low fuel
consumption [1-3]. Efforts to make aluminum lighter and stronger have taken the central stage in research
on the development of new composite materials based on nanoparticles and fibers of plants’ origin [4-6].
These composite materials have proven to be lighter, stronger, and well-endowed with good mechanical
properties. However, they are prone to localized corrosion, such as stress corrosion cracking and mesa-like
pitting corrosion in highly acidic environments [7,8]. Thus, the strategy of weight reduction to reduce oil
consumption by about 10% has resulted in a 6% reduction in environmental pollution caused by
automobiles [9,10]. This environmental improvement inflicted various types of corrosion in Al because of
the strengthening route employed to fit it into the strategic plan. Hence, corrosion prevention is essential
for the preservation of the integrity and longevity of Al in engineering structures and equipment [11]. It is
usual practice to apply a chromate conversion coating (CCC) on aluminum before painting, but chromate
use has been limited by various protocols [12]. However, efforts are ongoing far and wide to replace
chromates in conversion coating baths because of health and environmental considerations. A few of the
"so-called" environmentally friendly substitutes, which are of low toxicity, have been suggested in the
literature [13,14] and are acclaimed to outperform CCC.

Hybrid Mo-based CC, MoTiZr, was reported to be more resistant to corrosion in 3.5% NaCl than chromate,
MoTi, and bare aluminum 6061 [15]. Ikubanni et al. [16] investigated aluminum alloy coated with hybrid
chromate-phosphate conversion coatings. The conversion-coated samples were subjected to 100% relative
humidity at 313 K for 480 h. These hybrid chromate-phosphate conversion-coated samples were
compared with samples coated with chromate solution and uncoated aluminum alloy samples. The study
revealed that the hybrid chromate-phosphate coatings improved the corrosion resistance and paint
adhesion features of the Al alloy and compared favorably with the chromate coatings. The utilization of
chromate-phosphate hybrid coating is relatively less environmentally toxic compared to chromate. Hence,
the chromate-phosphate coatings were recommended as an alternative to chromate coating. In the quest
to source alternative conversion coating solutions to the use of chromate coatings, the corrosion
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inhibition performance of Al 6061 coated with hybridized Hibiscus sabdariffa calyx extract (HSCE) and
vanadate salt was investigated. The obtained results were compared with Al 6061 samples coated with
CCC. It was revealed that the relatively faster diffusion rate of the chelated Mo (VI) complex of the hybrid
HSCE inhibited corrosion and provided a better barrier on the substrate [17].

Due to accelerated corrosion as a result of the inclusion of secondary reinforcement particles in aluminum
matrix composites (AMCs), which presented the inclusions as cathodic sites, an investigation was carried
out to mitigate this effect when the samples were subjected to aggressive corrosion environments.
Ikubanni et al. [5] explored the application of potassium permanganate conversion coating (PPCC)
solution on AMCs developed and compared the results with CCC samples. It was revealed that both the
PPCC and CCC performed relatively well in inhibiting corrosion on the developed AMCs. The conversion
coatings used on the substrate inhibited the delamination of the coating with the use of lacquer, hence,
leading to reduced corrosion activities on the substrates. The environmentally friendly PPCC is adjudged
to be a viable alternative to the carcinogenic CCC. In some other cases, the addition of poly-hydroxyl
compounds to conversion coating solutions improved the performance of the resultant conversion
coatings [12,17,18].

Furthermore, the use of Fe-based amorphous coating has proven to be corrosion and wear resistant.
According to Ibrahim et al. [19], the reduced microstructural defects, such as grain boundaries in the
amorphous structure of the coating, contributed to improved corrosion and wear resistance of engine
parts. This conclusion revealed that amorphous metal coatings are versatile and promising solutions to
increase the reliability of conversion coatings under various corrosive environments.

Thus, the current effort constitutes a first step in finding substitutes for chromate and improving the
resistance of Al 6061, and later applying the engineered chemicals to hybrid Al composites of SiC and bio-
based particles and/or fibers. These Al composites have posed considerable challenges in terms of
reduction in their propensity for local corrosion phenomena [7,16]. These require attention to reduce the
suitable conversion coatings procedure timeline, which translates to more efficient use of energy.

Materials And Methods
Materials
Al 6061 electrodes with a nominal composition (%) of 96.85 Al, 0.9 Mg, 0.7 Si, 0.6 Fe, 0.3 Cu, 0.25 Cr, 0.20
Zn, 0.10 Ti, 0.05 Mn, and 0.05 other elements were fabricated in the usual manner [7,16]. Conversion
coating solutions were made up as follows: for ferric ions/chromate, ferric ions only, and ferric
ions/molybdate, their corresponding salts, 4 g each, were dissolved in 1 L of water with some activators,
and pH was adjusted with NaOH or HNO3 to achieve a pH of 3.5 to 4. Laboratory-grade reagents and

distilled water were employed throughout the experiment. For each hybrid coating solution, the precursor
coating solutions were mixed in a ratio of 1:1. The electrodes were degreased and etched in a 10% NaOH
solution, rinsed in water before de-smutting in 50% HNO3, then washed again in a copious amount of

water, and allowed to dry under the fan for 30 min. Distilled water and laboratory-grade reagents (BDH
chemicals, UK) were used throughout.

Experimental procedures
Cleaned electrodes were treated in the various coating solutions for 3 min each, rinsed in water, and
allowed to dry in air for 30 min. The coated electrodes were examined in a Scanning Electron Microscope,
Model Pro X, equipped with an Energy Dispersive X-ray analyzer (EDX) running at high vacuum mode and
20 kV accelerating voltage. Further, coated electrodes were analyzed in 3.5% NaCl in a conventional three-
electrode cell using a computer-controlled potentiostat/galvanostat (Autolab PGSTAT 302N). A platinum

electrode, 1 cm2, served as the counter electrode, Ag/AgCl (1 M KCl), as the reference electrode, and Al
6061 variously coated specimens were employed as working electrodes (WE). The area of the WE exposed
to 3.5% NaCl was approximately 1 cm². Before each potentiodynamic polarization measurement, the
electrode potential was allowed to stabilize while the open circuit potential (OCP) was recorded as a
function of time for about 30 min. After this, a steady-state OCP corresponding to the corrosion potential
(Ecorr) of the working electrode was obtained. The potential scans were executed automatically between
200 and -200 mV vs OCP at a rate of 10 mV/s. Fresh solutions were used after each potential sweep.

Other similarly treated electrodes were cross-hatched and exposed to the natural atmospheric
environment for 168 hr. Beyond the exposure periods, the ASTM D3359-23 adhesion test procedure was
applied to the specimens to assess the adhesion capabilities of the various conversion coatings. They were
subsequently ranked 0B to 5B according to ASTM specification. The experimental procedure is displayed
in Figure 1.
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FIGURE 1: Schematic display of the experimental process
SEM, Scanning Electron Microscope; EDX, Energy Dispersive X-ray analyzer

Results And Discussion
Scanning Electron Microscopy and EDX examination
The scanning electron micrographs of the various conversion-coated specimens, as well as their EDX
spectra, are displayed in Figure 2, Figure 3 and Figure 4 and also in Table 1, Table 2 and Table 3,
respectively. Figure 2 displays scalloped, continuous coating materials devoid of cracks, but it maps the
grains and sub-grain boundaries of the substrate. The uneven surfaces, aided by irregularly shaped,

thicker, light, and small-sized coating materials with a population density of about 7 × 1010/m2, are likely
good anchor sites for subsequently applied organic coatings, thus giving rise to the mechanical keying of
paint moieties to the substrates. Although chemical bonds among the chemical species on both sides are
thought to play some part in improved paint adhesion, within the detection limits of the EDX attachment
in the SEM, Fe was not detected in the coating material, as displayed in Table 1. This indicates the low
atomic % of Fe in the coating despite having a light brownish coloration after treatment of Al 6061 in the
coating solution for 180 s. The light brown coloration indicated the presence of Fe ions in one manner or
the another in the coating, albeit in a very low concentration below the detection of the EDS.
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FIGURE 2: Scanning Electron Micrograph of Al 6061 treated in a ferric
iron conversion coating solution for 3 min

Element Number Element Symbol Element Name Atomic Conc. Weight Conc.

13 Al Aluminium 83.33 89.39

8 O Oxygen 16.67 10.61

TABLE 1: EDX atomic composition of the coating developed on Al 6061 from ferric ions
conversion coating solution for 3 min
EDX, Energy Dispersive X-ray analyzer

However, Al and O coating materials detected may be tainted with hydrated ferric/ferrous oxides and/or
hydroxides. It is generally held that conversion coating formation on aluminum and other valve metals
usually proceeds through the dissolution of substrates and precipitation of coating materials mechanism
[16-18,20,21]. The thin oxide film on Al was initially removed by fluoride/activating agents in the coating
solution thus releasing electrons from Al which are subsequently taken up by oxidants in the coating
solution. In this case, ferric ions and dissolved oxygen are thus reduced to ferrous and hydroxide ions
which are deposited as hydrated oxides and/or hydroxides when their equilibrium constants are achieved
at the appropriate interfacial pHs.

The morphology of the coating developed on Al 6061 in a ferric/molybdate conversion coating solution for
3 min is displayed in Figure 3. It can be observed that the coating developed as a massively cracked
coating material because of the stress developed during the drying out of the initial gel-like coating
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material which developed initially along the grains of the substrate. A school of thought [22] has it that
the cracks act as anchoring sites for subsequently applied organic paints, thus improving the adhesion
strength to the substrate, whereas others [23] believe that various bonds formed between moieties of
organic coatings and compounds/atoms of conversion coatings combined may be responsible for the
improvement in adhesion strength observed. To all intents and purposes, the EDX of the hybrid
ferric/molybdate conversion coating materials (Table 2) revealed that it is composed of Al, O, and Mo
compounds, probably hydrated.

FIGURE 3: Scanning Electron Micrograph of Al 6061 treated in ferric
ions/molybdate conversion coating solution for 3 min

Element Number Element Symbol Element Name Atomic Conc. Weight Conc.

13 Al Aluminium 56.48 56.93

8 O Oxygen 37.81 22.60

42 Mo Molybdenum 5.71 20.47

TABLE 2: The EDX atomic composition of coating developed on Al 6061 from ferric
ions/molybdate conversion coating solution for 3 min
EDX, Energy Dispersive X-ray analyzer

The conversion coating formed on Al 6061, from ferric/chromate conversion coating solution, Figure 4,
displays a duplex coating system with islands of relatively thicker coating materials of chromate
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compounds on a scalloped coating like those formed over the specimen coated in ferric ions conversion
coating solution, Figure 2.

FIGURE 4: Scanning Electron Micrograph of conversion coating
developed from ferric/chromate conversion coating solution for 3 min

The coating is composed of Al, O, and Cr compounds (Table 3). The cracked coating materials developed
faster at inclusions, which are known to be cathode sites with respect to the general anodic areas of the
substrate. However, EDX analyses at such regions only revealed Al, Cr, and O (Table 3) as the components
of the coating. The inclusions must have been undermined during the anodic reactions at the periphery of
the inclusions and could have fallen off into the coating solution. Other components, such as Fe, may have
been present in quantities below the detection limit of the spectroscope. Additionally, the utilization of
Fe-based amorphous coatings has been ascertained for its resistance to corrosion and wear.
Microstructural defect reduction, including grain boundaries in the coating’s amorphous structure, greatly
enhances the corrosion inhibition of the substrate. This corroborates the findings of Ibrahim et al. [19]
that amorphous metal coatings are versatile and are promising solutions to improve the reliability of
conversion coatings under various corrosive environments.
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Element Number Element Symbol Element Name Atomic Conc. Weight Conc.

13 Al Aluminium 60.55 68.28

8 O Oxygen 36.69 24.53

24 Cr Chromium 2.53 5.51

TABLE 3: The EDX atomic composition of coating developed on Al 6061 from ferric/chromate
conversion coating solution for 3 min
EDX, Energy Dispersive X-ray analyzer

Potentiodynamic polarization measurements in 3.5% NaCl solution
The potentiodynamic polarization curves obtained for the variously treated specimens examined in 3.5%
NaCl solution are displayed in Figure 5, and the corrosion properties of the specimens are in Table 4,
respectively. The shapes of the curves are similar; however, the pitting passivation potentials for the
specimens differ greatly and range from about -0.51 V for specimens coated with hybrid
ferric/molybdate/top lacquer coating and ferric/chromate to -0.71 V for Al 6061 specimens coated with

ferric ions conversion coatings. The redox potential for Fe3+/Fe2+ is 0.77 V, which may suggest that Fe 3+ is
involved in the pitting re-passivation reactions that occurred on the specimen in a saline environment. All
the specimens, except for the specimens coated with ferric/molybdate/lacquer and specimens with only
ferric/molybdate without a top coating of lacquer, displayed active pitting/re-passivation with their
potentials constantly surging in opposite directions. These are expected with Al in saline environments as
flawed coating regions on the substrate are constantly attacked by chloride ions. Such freshly breached
areas are instantly healed by the by-products of reducible ions in the environment. These observations
during pitting corrosion are often referred to as crack and heal events [24-26]. 

From Table 4, it can be observed that the specimens with top coatings of lacquer are superior in terms of
corrosion resistance to their counterparts without lacquer, except for the specimen conversion coated
with ferric ions conversion coating solution. Curiously, the corrosion rate of the specimen without a top
coating of lacquer was about three times more resistant than the lacquer-coated specimen, with a value of
0.037 mm/yr as against 0.099 mm/yr for the lacquer-coated specimen. Consequently, the corrosion
potential, a measure of the propensity for corrosion to occur, was more negative at -0.711 V for the
lacquered specimen than for the bare sample at -0.702 V. The aggressive environment may have
penetrated through imperfections/flaws in the lacquer to initiate intensive corrosion reactions at such
regions on the substrate under the lacquer.

The time frames for the separate potentiodynamic measurements were within 1 hr each; thus, it is
believed that the loosely held ferric ions were readily available to stifle corrosion reactions on the
substrate, whereas such ions were bound by the topcoat of lacquer and could not readily participate in
corrosion reactions in the instance of the latter. The corrosion current densities for specimens without top

coatings of lacquer are 3.2 × 10-6 A/cm2 for ferric ions CC, 2.8 × 10-5 A/cm2 for ferric/molybdate CC, and

2.12 × 10-5 A/cm2 for ferric/chromate. These rates showed the superiority of bare ferric ions conversion
coating over its hybrid counterparts with molybdate and chromate. In a similar experiment [17, 27], the

corrosion rate of bare chromate CC in 3.5% NaCl solution was 1.6 × 10-6 A/cm2; however, the lacquer-

coated ferric CC at 1.3 × 10-6 A/cm2 closely matched the corrosion rate of bare chromate CC. Table 4
describes the corrosion parameters obtained by Tafel extrapolations from the potentiodynamic curves
displayed in Figure 5.
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FIGURE 5: Potentiodynamic polarization curves for the various
conversion-coated Al 6061 examined in 3.5% NaCl solution
A - Sample coated with ferric ions/ammonium molybdate conversion coating solution/lacquer.

B - Sample coated with ferric ions/ammonium molybdate conversion coating solution.

C - Sample coated with ferric ions conversion coating solution/lacquer.

D - Sample coated with ferric ions conversion coating solution.

E - Sample coated with chromate/ferric ions conversion coating solution/lacquer.

F - Sample coated with chromate/ferric ions conversion coating solution.

Sample
Corrosion
Rate (mm/y)

Corrosion
Current (A)

Corrosion Current

Density (A/cm2)

Corrosion
Potential (V)

Polarization
Resistance, Rp (Ω)

Cathodic Tafel
Slope, Bc (V/dec)

Anodic Tafel
Slope, Ba (V/dec)

A 0.259 2.41E-05 2.41E-05 -0.989 1068 12.15 2.749

B 0.304 2.85E-05 2.85E-05 -0.93 907.3 -18.87 3.08

C 0.099 9.43E-06 9.43E-06 -0.711 2724 0.17 12.95

D 0.037 3.21E-06 3.21E-06 -0.702 8016 -7.713 21.22

E 0.015 1.30E-06 1.30E-06 -0.881 19750 -10.58 0.89

F 0.246 2.12E-05 2.12E-05 -0.98 1212 -10.52 2.795

TABLE 4: Corrosion parameters obtained from potentiodynamic curves for the variously treated Al
6061 specimens in 3.5% NaCl solution

Paint adhesion performance
The cross-hatched specimens were exposed at a right angle to the ground, supported by Perspex in the
natural atmosphere for 168 h, after which adhesion tests were applied separately on the specimens. To the
naked eye, paint delamination was not observed on the specimens; thus, the specimens are ranked 5B
according to the ASTM standard employed. However, the specimens coated in ferric/molybdate CC
solution faded in color to a lighter shade of brown from their initial dark brown coloration. This change in
the coloration denotes the formation and development of coatings on the substrates as revealed by
Ikubanni et al. [5]. Apparently, the molybdate ions incorporated in the coating were leached from the
specimen, probably to perform healing of corrosion processes on the surface of the specimen [28-30].
Apart from chemical interactions among components of the paint and conversion coatings, it is opined
that mechanical interlocking provided by the roughness on micro and macroscopic scales, which are in
abundance on the conversion coatings, aided improved adhesion bond to the substrates. Hence, the
conversion coatings inhibited paint delamination and corrosion on the aluminium substrate in the
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subjected environment. This confirms the barrier function of the conversion coatings for the substrate’s
protection when they are applied [5,16].

From the photographs displayed in Figure 6a, the untreated specimen, which received the usual etching in
NaOH followed by rinsing in 50% HNO3 and a final rinse with a copious amount of water, showed

myriad incipient pitting corrosions under a carpet of lacquer. Moisture that contaminated or otherwise
migrated through holidays in the coating caused such damage during the exposure period. On the other
hand, the conversion-coated specimens (b), (c), and (d) exhibited resistance to pitting corrosion. Thus,
composite coatings of the three conversion coatings/lacquers employed in this investigation improved the
pitting corrosion resistance of Al 6061 during natural atmospheric exposure. This corroborates the
findings of Ikubanni et al. [5], which showed that the conversion-coated samples revealed improved
pitting corrosion resistance.

FIGURE 6: Conversion-coated Al 6061 with top coating of lacquer
exposed to the natural atmosphere for 168 h before adhesion tests (a)
untreated, (b) ferric ions CC, (c) ferric ions/chromate CC, and (d) ferric
ions/molybdate CC

Conclusions
With further investigations, ferric ions conversion coating on Al 6061 may be a welcome alternative
to CCC. However, the addition of either molybdate or chromate did not improve its corrosion
performance, but adjustment of some coating parameters and factors could yield positive outcomes. The
corrosion rates of the bare conversion coatings in 3.5% NaCl, as obtained from PDP measurements, are in
the order of 0.037 > 0.246 > 0.304 (mm/yr) for ferric ions > ferric/chromate > ferric/molybdate conversion-
coated specimens, respectively. The three conversion coatings resisted pitting corrosion and paint
delamination on Al 6061. This shows the potency of the developed conversion-coated solutions. These
conversion coating pretreatment solutions are suitable alternatives for highly concentrated generic and
carcinogenic chromate conversion coatings in the view of their lower costs for process effluent treatments
compared to effluents from the latter. These can be further employed for metal alloy pretreatments in
various industries.
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