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Abstract
The chemical oxidation in a chromate-free IFHANAL converting solution leads to the
formation of conversion coatings with different thicknesses on aluminum (1010) and its alloys
(5154, 6063, 2024, 7075). According to the data of polarization measurements in chloride
solutions, the thickness of the coatings under study is not a determining factor in their
protective ability. A significant increase in the protective properties of the coatings obtained is
observed upon filling of the coatings in a solution of IFKhAN-25 corrosion inhibitor. This
effect of coating filling is associated with changes in their structure during the hydration of
surface oxides. According to X-ray phase analysis data, the conversion coating on 1010
aluminum alloy in its initial state consists of amorphous aluminum oxide phases. Filling of the
coating in distilled water and in a solution of corrosion inhibitor equally changes the phase
state of the surface oxide. The level of oxide crystallization increases in both cases, but the
effect of the inhibitor on the process of oxide hydration is not observed. Perhaps, the
crystallization of the oxide promotes adsorption of the inhibitor and increases the protective
properties of the filled coating. Filling of conversion coatings on the Al–Mg alloys studied
also modifies the phase state of surface oxides, making them less amorphous. The corrosion
inhibitor in filling solutions is directly involved in the process of oxide hydration in
conversion coatings on Al–Mg alloys, contributing to the strengthening of their protective
properties. During the filling of more complex hetero-oxide structures in Al–Mg–Cu(Zn)
alloys, the corrosion inhibitor adsorption makes a prevalent contribution to the increase in
protective properties.

Key words: aluminium alloys, conversion coatings, X-ray phase analysis, filling of
coatings, corrosion inhibitor.
Received: August 6, 2018. Published: December 5, 2018

doi: 10.17675/2305-6894-2018-7-4-13

1. Introduction
A number of factors determine the functional characteristics of protective coatings on
metals, the composition and structure playing the decisive role among these factors. The
latter fully applies to the conversion coatings (CC) formed by both components of the
converting medium and the products of dissolution of the metal (alloy). Given the
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multiphase nature of aluminum alloys used in aircraft construction, the structure and
protective properties of conversion coatings on them depend largely on the heterogeneity
of the substrate. This is clearly demonstrated by a number of studies [1–5] of the chromate
conversion coatings composition and structure, the mechanism of formation of which
continues being studied despite their steady replacement with chromate-free technologies.
Apparently, this is due to the known universality of chromate coatings and the
identification of the features of their formation and structure on different types of alloys
can contribute to the progress in the development of chromate-free processes. As shown in
[1–3], formation of conversion chromate coatings on the high-strength copper-containing
alloys is characterized by structural heterogeneity due to the advanced formation of the
coating at the initial stages of growth on Al–Cu–Mg or Al–Cu–Fe–Mn phases compared
to the alloy matrix. The adsorption of chromate ions occurs at a later stage of coating
growth, when it extends to the matrix and becomes loose or porous [1]. When replacing
chromates in converting compositions with trivalent chromium compounds on the surface
of 7075 alloy, the formation of the coating also began at intermetallic phases [6, 7]. A
similar approach of the formation of conversion coatings is considered and the use of
fluozirconate or fluotitanate solutions, as well as compositions based on compounds of rare
earth elements [8–12]. The structure of conversion coatings during oxidation of Al–Mg
alloys in molybdate solutions varied from amorphous or fine-crystalline to large-crystal
(10–30 µ) with increasing magnesium content in the alloy, and in the composition of the
heteroxide layer, the content of molybdenum oxides reached 30% wt. [13]. The greatest
resistance to pitting corrosion had a coating on A1010. To be noted that the filling of such
coatings in the corrosion inhibitors solutions increased to varying degrees their resistance
against pitting corrosion in chloride media. In this regard, the aim of this work is to study
the role of structural changes in conversion coatings on aluminum alloys when filled in
corrosion inhibitors solutions.
2. Materials and methods
CC was formed on samples from aluminum alloys 1010 (AV00), 5154 (AMg-3), 6063
(AD-31), 2024 (D16) and 7075-T2 (V95T2) in the form of plates (20×50 mm). Preparation
of the surface of the samples before oxidation included the following operations: grinding
with sandpaper of different grit, degreasing with ethanol, etching (1 min in 10% NaOH
solution at t = 65–67°C), washing with hot distilled water, desmutting (3 min in 50%
HNO3 solution), washing with water and drying. After exposure during the day in an
desiccator with CaCl2, the samples were weighed on an analytical balance (±0.0001 g) and
then oxidized in a converting solution. After oxidation, they were washed with distilled
water, dried in air at room temperature for at least 12 hours and weighed. Thickness of
coatings was determined by the gravimetric method after their removal from the sample by
etching in a standard chromate–phosphate solution [13]. The filling of the coatings was
carried out in distilled water or in a corrosion inhibitor solution for up to 1 h at t = 95±2°C.
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Anodic polarization curves of the alloys with CC (working surface 0.5 cm2) were
obtained in a borate buffer solution (pH 7.36) containing 0.01 M NaCl at t = 20±2°C in a
standard three-electrode cell. Pyrographite was used as an auxiliary electrode, and a
saturated chloride–silver electrode was used as a reference electrode. The polarization of
the electrodes (1 mV/s) began after the establishment of the corrosion potential of the
electrode (Ec) after 10–20 min of their exposure in the test solution and closed after a sharp
increase of current density on the polarization curves as a result of the breakdown of the
CC on reaching the pit formation potential (Ept). All values of potentials were recalculated
to the standard hydrogen scale.
The diffractograms of CC on aluminum alloys were obtained on an EMPYREAN Xray diffractometer (Pananalitical, UK) in the reflection geometry using Cukα radiation in
combination with a Ni filter.
3. Experimental results and discussion
In the initial state, the most of the CC on the investigated aluminum alloys obtained in the
IFHANAL-3 converting solution do not effectively inhibit their local anodic activation in
chloride media. As seen in Figure 1, the value of the passivity domain (Ept – Ec) of samples
with CC on alloys 5154, 6063, 2024 and 7075-T2 at a comparable coating thickness (3–
5 µm) is not more than 300 mV. On technically pure aluminum (1010) in similar
conditions, a thinner CC (1.3 µm) is formed, which, however, is characterized by a much
larger passivity domain compared to other alloys. Probably, in this case resistance to
pitting formation in chloride media is largely due to the structure and composition of CC,
not its thickness. It is proved by a significant increase of the passivity domain of all the
studied CC (Figure 1) after filling in the solution of a known corrosion inhibitor IFKhAN25 [14]. As is known, the adsorption of IFKhAN-25 enhances the protective properties of
CC [15], but in the process of filling coatings its hydration occurs, which may be
accompanied by structural changes. Indeed, as follows from the data of X-ray phase
analysis of CC obtained on technical aluminum 1010 (Figure 2), there is a three-wide peak
of aluminum oxide, with the first and second peaks merging into one wide peak. Such
blurred peaks indicate that this phase is amorphous. The filling of the coating in water and
in solution of the inhibitor IFKhAN-25 modifies the coating, “removing” the second peak
of aluminum oxide – the broadest and thus most amorphous. This way, a three-phase oxide
turns into a two-phase one. It is hydration during filling, which influence on the protective
properties of the coating is present in this case, but the contribution of corrosion inhibitor
to this process in this case is not traced.
Another pattern is observed on the CC diffractograms on the 5154 alloy (Figure 3). It
initially formed a single-phase amorphous conversion coating of aluminum oxide. This
coating has weak protective properties (Figure 1), which can be enhanced by filling in a
solution of corrosion inhibitor IFKhAN-25. As can be seen from the diffractogram of the
water-filled coating hydration of the oxide film, unlike the coating on aluminum 1010, has
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Figure 1. Anodic polarization curves of different aluminum alloys in 0.1 M NaCl (pH 7.4)
with a conversion coating (a) and the subsequent filling in the IFHAN-25 solution (b).
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Figure 2. Spectra of X-ray phase analysis of 1010 aluminum alloy with a conversion coating
(1) and the subsequent filling in distilled water (2) and in the IFHAN-25 solution (3).
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Figure 3. Spectra of X-ray phase analysis of 5154 aluminum alloy with a conversion coating
(1) and the subsequent filling in distilled water (2) and in the IFHAN-25 solution (3).
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almost no effect on the phase composition of the coating, only slightly reducing the width
of the peak of aluminum oxide, and it is still a highly amorphous phase. Such a coating is
similar in protective properties to a non-filled coating (Figure 1). The filling of the coating
in a solution of IFKhAN-25 much more strongly influenced by: peak phase of aluminum
oxide becomes more pronounced, and therefore less amorphous. Also after filling two
small peaks of magnesium-aluminum oxide are clearly distinguished. In this case, the
effect of corrosion inhibitor as a compound with surface-active properties on the process of
hydration (crystallization) of surface oxides is observed. This, along with the inhibitor
adsorption, increases the protective properties of the coating.
The initial coating on a silicon-containing alloy 6063 is also characterized by weak
protective properties and the magnitude of the local anode activation potential close to the
uncoated alloy (Figure 1). This is not only due to the high porosity of the oxide film, but
also due to the multiphase heterogeneous structure of the coating, which is confirmed by
the presence of magnesium and silicon oxides in it. The diffractogram also shows that it is
silicon oxides in the coating that are released in a separate phase (Figure 4) and probably
are one of the reasons of weak corrosion resistance of the coating. The hydration of the
oxide film in water makes the first peak of aluminum oxide more pronounced, which
means that the phase has become less amorphous. Hydration also removes completely the
first peak of silicon oxide; the coating becomes less heterogeneous. The latter may be the
consequence of the sedimentary nature of this phase, which is destroyed during the filling
of the coating. Although this in itself does not increase the corrosion resistance of the oxide
film, but these phase changes significantly facilitate the "work" of the inhibitor, as can be
seen from Figure 1. During the filling of the CC in the solution of IFKhAN-25 is a deep
modification of the structure of the coating, the first peak of aluminum oxide is divided
into two phases of aluminum oxide, which indicates the participation of the inhibitor in the
process of hydration of the surface oxides.
The more complex composition has the coating obtained in IFHANAL-3 solution on
aluminum alloy 2024. It contains oxides of copper, silicon and magnesium, which, as seen
from the diffractogram (Figure 5) are isolated in separate phases along with the amorphous
phase of aluminum oxide. The filling of such coating in water again contributes to the
modification of the phase of aluminum oxide in a less amorphous form. The second phase
of aluminum oxide also appears. The filling in the IFKhAN-25 solution produces the same
effect, but both phases of aluminum oxide are slightly weaker “crystallize” than in the case
of the filling in pure water coating. The filling does not affect the phases of other metals
oxides – copper, magnesium and silicon, which suggests that the major part in increasing
of the coating protective properties should include by the adsorption of the corrosion
inhibitor.
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Figure 4. Spectra of X-ray phase analysis of 6063 aluminum alloy with a conversion coating
(1) and the subsequent filling in distilled water (2) and in the IFHAN-25 solution (3).
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Figure 5. Spectra of X-ray phase analysis of 2024 aluminum alloy with a conversion coating
(1) and the subsequent filling in distilled water (2) and in the IFHAN-25 solution (3).
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Figure 6. Spectra of X-ray phase analysis of 7075 aluminum alloy without coating (1), with a
conversion coating (2) and the subsequent filling in the IFHAN-25 solution (3).

As seen in Figure 6, pre-treatment of alloy 7075-T2 (etching and desmutting), in fact,
cleans the surface of the sample from the “additional” phases, so the spectrum is not visible
pronounced signals from the substrate. Because of this treatment the coating itself consists
of the single phase, which is aluminum oxide. Further filling of the coating in water does
not lead to its modification. This is confirmed by the results of polarization measurements,
according to which the initial and filled coating do not differ from each other in protective
properties. Filling an oxide film in a solution of inhibitor IFKhAN-25 does not affect the
phase composition of the coating, so there is an increase in its corrosion properties is solely
due to the adsorption of corrosion inhibitor.
Conclusions
1. The filling of conversion coatings on the investigated alloys modifies the phase state of
surface oxides, making them less amorphous.
2. The corrosion inhibitor IFKhAN-25 is directly involved in the process of hydration of
the oxides in the conversion coatings on 5154 and 6063 alloys and contributing to the
strengthening of their protective properties. During the filling of more complex
heterooxide structures on 2024 and 7075 alloys the contribution of the corrosion
inhibitor adsorption in the increasing of its protective properties is prevalent.
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