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Abstract—Data are presented on the nucleation and growth of corrosion-resistant manganese-oxide-based
films on the surface of aluminum alloy 2024 in an alkaline KMnO4 solution at room temperature and elevated
temperatures, which accelerate film growth. We consider the morphological evolution of the films and secondphase particles present on the alloy surface, which impair the corrosion resistance of the alloy. Also addressed
–

are the feasibility of Mn O 4 incorporation into the growing film and the associated ability of the coating to selfheal when slightly damaged. Such coatings are a viable alternative to chromate-based coatings, which are currently in wide use.
DOI: 10.1134/S0020168507090087

INTRODUCTION
Chromate conversion coatings (CCCs), produced by
exposing the alloy surface to aqueous chromate solutions, have now been successfully used to protect various aluminum alloys from corrosion for several
decades [1–8]. At the same time, since Cr(VI) compounds are carcinogenic, intensive research effort has
been concentrated on chromate-free systems in order to
gradually replace chromates and related coatings in
large-scale applications [2, 3, 9–14]. One alternative
approach is to produce coatings by oxidizing aluminum
with the permanganate anion, followed by Mn(IV) deposition. Permanganate conversion coatings (PCCs) thus
grown already find some industrial applications [15–21].
There have been several reports that the permanganate ion is not effective in preventing corrosion on the
surface of Al alloys at low pH values [2, 22]. At the
–
same time, at high pH values Mn O 4 is capable of inhibiting the corrosion of Al-based alloys [22], which is
probably due to the fact that the reduction of Mn(VII)
in alkaline media typically leads to the formation of
MnO2, a less soluble species [23]. Bibber [15–18] proposed and patented a process for producing stable
KMnO4-based conversion coatings on a variety of Al
alloys. The first implementation of that process
required multiple treatments with various salt solutions
(the last step was immersion in a KMnO4 solution), typically at elevated temperatures, and the resultant coatings were somewhat inferior in corrosion protection
properties to CCCs [2, 15]. Optimization of the process, however, made it possible to reduce the number of
steps (by combining several solutions into one) and to

reach corrosion resistance close to that of CCCs [16–
18]. The recommended range of process temperatures
is 38–82°ë, and the solution pH must lie between 9 and
10 [16]. At lower temperatures, the process takes a
longer time, up to 60 min at room temperature, whereas
at 68°ë a coating can be formed in 1 min [16]. To
apply high-quality corrosion-resistant coatings to Cuor Zn-rich alloys, an additional step is necessary, treatment in a silicate solution, which blocks processinduced defects and cracks in the coating [18]. The
coatings thus formed are very close in performance to
CCCs [18]. Moreover, PCCs offer the advantage of
higher thermal stability [18]. Also important is that permanganates, which have long been used to purify
drinking water, are attractive for large-scale application, in contrast to Cr(VI) compounds [18]. However, in
spite of the considerable potential of PCCs as a safe
alternative to CCCs and the reports that they can be successfully used to protect Al alloys [15–21], the growth
and properties of such coatings are essentially unexplored, which limits their practical application.
The capability of some conversion coatings for
active corrosion protection (ACP) is of considerable
practical importance. It is now well documented that
such behavior is offered by CCCs, which contain some
amount of chromate anions capable of migrating to
local sites of mechanical damage and oxidizing them,
thereby restoring the corrosion protection [4, 6–8, 10].
Such processes were also observed in vanadate [12] and
cerium-oxide-based (containing Ce(III) and Ce(IV)
oxides) [10] conversion coatings. The question of
–
whether Mn O 4 anions are incorporated in PCCs has
already been addressed in the literature [18, 19]. The
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Fig. 1. (a) XPS survey scan of AA2024 treated at room temperature for 60 min; (b) Mn 2p spectra of samples treated for (1) 5,
(2) 20, (3) 60, and (4) 150 min.
–

presence of Mn O 4 on sample surfaces was confirmed
by IR spectroscopy, but no in-depth studies were carried out [18, 19].
In this paper, we focus on several important aspects
of the growth of conversion films from alkaline an
KMnO4 solution: (1) the effect of intermetallic secondphase inclusions on the initial stages of growth, (2) later
stages of growth and coating morphology, (3) effect of
–
solution temperature, and (4) feasibility of Mn O 4
incorporation into the coating in the context of ACP.

view of this, several samples were conversion-treated at
50 and 68°C for 3 min, in contrast to the other samples,
which were treated at room temperature.
In different stages of growth, the samples were characterized by scanning electron microscopy (SEM) and
energy-dispersive x-ray spectroscopy (EDS) on a Philips XL30E, x-ray photoelectron spectroscopy (XPS)
(Physical Electronic Industries PHI-1600 spectrometer), and Auger electron spectroscopy (Thermo Electron Microlab 350, spot size down to about 12 nm)
[7, 8].

EXPERIMENTAL
Aluminum alloy 2024 plates were polished to mirror finish (using 1-μm diamond slurry in the final step)
and cleaned by sonication in acetone and methanol. In
permanganate conversion treatment, we used a twocomponent solution containing 0.1 M KMnO4 and
0.05 M Na2B4O7. The solution pH was 9.1, and the
solution composition was close to one of the formulations proposed by Bibber [16, 17]. The same KMnO4
concentration was used earlier by Danilidis et al.
[19, 20]. AA2024 samples were immersed in the reaction solution and kept in it for a certain period of time
with constant stirring. Next, the samples were washed
with distilled water and dried in air.
The formation of PCCs on Al alloys is known to be
a slower process compared to the formation of CCCs,
which is close to completion after several minutes at
room temperature [1, 4, 24, 25]. PCC growth can be
accelerated by raising the temperature [16, 18]. Note
that elevated temperatures in the range 40–70°C were
also used in permanganate and permanganate–phosphate conversion treatments of Mg alloys [26–30]. In
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XPS and chemical composition. The chemical
composition of the coatings was determined by XPS in
different stages of growth. Figure 1a shows the XPS
spectrum of a sample treated for 60 min. In accordance
with an earlier study [19], where the major component
of PCCs was MnO2, our films were composed predominantly of Mn and O. In addition, as can be seen from
Fig. 1a, the surface layer (10 nm) of the sample contained Al and Mg. Significant levels of Al were only
found in samples treated for no longer than 90 min.
Since no Al was detected by XPS after 90 min of treatment, the presence of Al in the coatings appears
unlikely. Presumably, in this stage (<90 min) the coatings consisted of isolated islands or had regions ≤10 nm
in thickness, so that XPS probed the surface layer of the
AA2024 substrate. It will be shown below that, in such
regions, the coating began to grow later and was thinner
in comparison with the rest of the coating. On the other
hand, XPS data indicated that the incorporation of aluminate ions, detected in earlier studies [18, 19], into our
coatings was insignificant.
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Since Cu (trace amounts) was detected in the surface layer of the samples only after short-term (1 and
5 min) treatment, it is reasonable to assume that a small
amount of Cu was present at the substrate/coating interface, whereas the copper content in the bulk of the
PCCs was below the detection limit of XPS, as was the
boron content. After 90 min of treatment, the Al peaks
in the XPS spectra disappeared, giving way to K and Na
peaks. Together with Mg, which was not detected in the
initial stage of growth, these elements were the major
impurities in our PCC coatings. K and Na were present
in the permanganate bath, whereas the Mg incorporation was due to dissolution of the top layer of the substrate and subsequent precipitation of the material from
the solution. It is, however, unclear how K, Na, and Mg
were incorporated into the PCC in later stages of
growth, whereas Cu and Al, whose concentrations in
the solution were comparable to the Mg concentration,
were not detected as inclusions. After 150 min of treatment, the XPS spectra remained essentially unchanged,
which suggests that, after 150 min of exposure to the
KMnO4 solution at room temperature, the conversion
layer stops growing.
According to a Pourbaix diagram [25], the native
oxide on Al is unstable in the alkaline medium used in
this study (pH  9.1) and dissolves in the aqueous solution according to the scheme
–

Al2O3 + 2OH– + 3H2O = 2Al(O H) 4 .

(1)

The oxidation of the metal and reduction of Mn(VII)
to Mn(IV) can be represented by
–

–

Al + Mn O 4 + 2H2O = Al(O H) 4 + MnO2.

(2)

Danilidis et al. [19] identified both products of reaction (2) (MnO2 and Mn(AlO2)2) in PCCs, but the
present XPS data provide no evidence for the presence
of aluminates in PCCs. Presumably, this discrepancy is
related to the coating processes used: Since Danilidis et
al. [19] produced conversion films through reaction of
a thin KMnO4 solution layer with the alloy surface during annealing (no-rinse technique), without immersing
the alloy in the solution, dissolution of the resulting aluminates was ruled out.
Figure 1b shows the Mn 2p XPS spectra of four
samples treated in a permanganate bath at room temperature for 5, 20, 60, and 150 min. Even careful analysis of the spectra in Fig. 1b in comparison with literature data gives no way of concluding that coatings con–
tain a significant amount of Mn O 4 ions. The spectra
show no Mn(VII) peaks in the binding energy range
corresponding, according to several reports [31–34], to
Mn 2p3/2: 645.8–647.2 eV. The strongest Mn 2p3/2
peak, the one at 643 eV, is most likely due to manganese(IV) oxide, a major component of the coatings, but
the presence of manganese(III) oxide also cannot be
ruled out because these oxides are close in Mn 2p3/2
binding energy (642.4 and 643.0 eV for Mn(III) and

Mn(IV), respectively [31]). At the same time, a large
amount of Mn2O3 would be in conflict with earlier
results for PCCs on Al alloys [18, 19, 25].
The Mn 2p spectra of the samples prepared at elevated temperatures were similar to those in Fig. 1b and
also indicated that the coatings contained insignificant
amounts of permanganate anions. Thus, our results lead
–
us to conclude that the Mn O 4 concentration in the bulk
of our PCCs is below the detection limit of XPS. In connection with this, the IR absorption peaks of surface
–
Mn O 4 reported by Danilidis et al. [19] are, most likely,
attributable to the fact that their samples were not
washed and could contain unreacted KMnO4. Since
Bibber [18] did not describe the preparation of the sam–
ple which was also reported to contain Mn O 4 in the
surface layer, its origin remains unclear. One possible
reason for the insignificant incorporation of Mn(VII)
into PCCs is that they do not have a so-called “inorganic polymer” structure [18], which is well documented for CCCs and is, in many respects, associated
with the formation of unique covalent bonds, Cr(VI)–
O–Cr(III), in the coatings [6].
Initial stage of growth. The vast majority of intermetallic inclusions in AA2024 are either Al–Cu–Mg or
Al–Cu–Fe–Mn particles [5, 7, 8, 24, 35, 36]. The particles of the former kind are usually thought to have the
composition Al2CuMg; the composition of the latter
particles is believed to be Al6(Cu,Fe,Mn) [8, 24, 35, 36].
The former particles are typically smaller in size (as a
rule, ≤4 μm) and regular in shape, whereas the latter are
irregularly shaped and coarser (≥10 μm) [8, 24, 35, 36].
When present on the surface of the alloy, particles of
both types impair the resistance of AA2024 to electrochemical corrosion [35, 36]. In connection with this,
our focus in this study was on the nucleation and
growth of PCCs on the surfaces of such intermetallic
particles and the alloy matrix, which consists, for the
most part, of a solid solution between Al and Cu (with
trace amounts of Mg).
Figures 2a and 2b show SEM micrographs of two
regions on the surface of AA2024 after treatment for
1 min. Comparison of the Al–Cu–Mg particle in Fig. 2a
with the alloy matrix in Fig. 2b leads us to assume that,
during treatment for 1 min, the coating was more likely
to grow on the surface of the particle than on the alloy
matrix. Al–Cu–Fe–Mn particles (not shown in Fig. 2)
were also topographically distinct from the matrix,
which suggests either slower dissolution of the particles
in the alkaline solution or preferential growth of the
PCC on their surfaces.
Figure 2c shows local Auger electron spectra of the
regions marked in Figs. 2a and 2b. It is well seen that,
after 1 min of treatment, a slight amount of Mn is
present on the Al–Cu–Mg particle, whereas the spectrum of the region on the surface of the matrix (Fig. 2c,
spectrum 2) shows no Mn signal. Note that the Al sigINORGANIC MATERIALS
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Fig. 2. SEM micrographs of (a) an Al–Cu–Mg particle and (b) the alloy matrix on the surface of an AA2024 sample treated at room
temperature for 1 min; (c) local Auger electron spectra of the regions marked in panels (1) a and (2) b.

nals from the matrix are markedly stronger than those
from the surface of the Al–Cu–Mg particle (Fig. 2c).
The reason for this is that the PCC shields the Al atoms
in the particle and on its surface. The Auger electron
spectra of the coatings on coarser Al–Cu–Fe–Mn particles were similar to spectrum 1 in Fig. 2c, but showed
an additional, weak Fe signal, which allowed us to distinguish between different phases in the initial stage of
permanganate treatment. The Auger electron spectra of
the coatings may vary from particle to particle, but
Fig. 2c well illustrates the inhomogeneous manganese
oxide distribution over the surface of AA2024 treated
for 1 min: whereas the second-phase particles are
coated with a thin conversion permanganate layer, the
major phase has no coating.
Auger analysis of the sample treated for 5 min
revealed trace levels of Mn on the surface of the
AA2024 matrix. Figure 3 shows SEM images of an Al–
Cu–Mg particle (Fig. 3a) and the alloy matrix (Fig. 3b),
and the Auger electron spectra of their surfaces
(Fig. 3c) after 20 min of treatment. As seen in Fig. 3a,
the intermetallic particles became even more topographically distinct from the alloy matrix. Spectrum 1
in Fig. 3c confirms that the PCC on the particle became
thicker: the Al signal is almost indiscernible (cf.
Figs. 2c and 3c). The alloy matrix also shows significant surface changes and becomes similar in morphology to the PCCs described by Danilidis et al. [19].
Spectrum 2 in Fig. 3c attests to a significant amount of
INORGANIC MATERIALS
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Mn on the surface of the matrix. At the same time, the
presence of polishing scratches and the considerable
intensity of the Al peak (Fig. 3c, spectrum 2) indicate
that the coating is far thinner than that on the surface of
the intermetallic particles. Thus, Auger analysis results
demonstrate that trace levels of PCCs appear on the surface of the major phase after 5 min of treatment at room
temperature. After 20 min, the matrix is coated with a
thin, uniform permanganate conversion layer, whereas
the coating on the particles is notably thicker.
The above conclusions drawn from the Auger analysis data agree well with the XPS results. The metallic
component of the Al 2p peak was only present in the
spectra of the samples treated for 1 and 5 min. This
leads us to conclude that the thickness of the PCC and
the Al2O3 layer that may persist between the PCC and
AA2024 substrate exceeds 5–10 nm at permanganate
treatment times longer than 5 min. The Cu 2p peak was
only observed at treatment times shorter than 5 min,
which also lends support to the conclusion that the formation of a continuous PCC over the entire AA2024
surface requires at least 10 min. Since the XPS probing depth is ≤10 nm, a continuous PCC of this thickness
will shield both Al and Cu in the bulk and on the surface
of the AA2024 substrate.
Final stage of growth and defects in the coatings.
Figure 4a shows a SEM micrograph (at a relatively low
magnification) of the AA2024 surface after treatment
for 30 min at room temperature. The intermetallic par-
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Fig. 3. SEM micrographs of (a) an Al–Cu–Mg particle and (b) the alloy matrix on the surface of an AA2024 sample treated for
20 min; (c) local Auger electron spectra of the regions marked in panels (1) a and (2) b.

ticles (marked by arrows) are seen to be coated with a
rather thick permanganate conversion layer. The alloy
matrix is covered with a thin PCC, but the polishinginduced scratches is well seen (arrow at the right of the
micrograph). SEM results for longer KMnO4 treatment
times attest to further PCC growth over the entire alloy
surface (Figs. 4b–4d). Thus, no qualitative changes
occur during further PCC growth.
Figures 4b–4d show higher magnification SEM
images which illustrate a typical surface morphology of
the sample treated at room temperature for 150 min.
The alloy matrix is seen to be uniformly coated
(Fig. 4b). The Al–Cu–Fe–Mn (Fig. 4c) and Al–Cu–Mg
(Fig. 4d) particles presumably have thick coatings. In
contrast to the early stages of PCC growth (Figs. 2,
3, 4a), no polishing-induced scratches are seen on the
surface of the alloy matrix (Fig. 4b). The coatings on
most of the Al–Cu–Fe–Mn particles (Fig. 4c) have
cracks, which developed, most likely, during drying
because of the large thickness of the PCC. The present
data are insufficient to conclude that the PCCs on the
coarser particles are thicker than those on the Al–Cu–
Mg particles, in which no cracks were detected
(Fig. 4d). It seems, therefore, likely that the development of cracks in the coatings on the larger particles
(containing Fe and Mn) is associated with their large
size and irregular shape. Note that we also observed
another type of defect: cracks along the perimeter of
some particles (Fig. 4d). Such cracks are probably due

to the difference in thickness between the coatings on
the particle and surrounding alloy matrix or to the fact
that, during electrochemical deposition of PCCs, the
matrix adjacent to a cathodic particle dissolves more
rapidly [8, 24].
Since thicker coatings are more insulating, and the
probing depth is limited to 10 nm, local Auger electron spectroscopy is ineffective in analyzing PCCs in
the later stages of growth. For this reason, to assess the
local thickness of PCCs, we used local EDS measurements with a sampling size of 1 μm. Assuming that
the PCCs on both the alloy matrix and intermetallic particles are chemically homogeneous, we suppose that
the atomic ratio of Mn to the sum of the other major
components of AA2024 (Mn/ΣM, M = Al, Cu, Mg, Fe)
can be used to compare the thicknesses of the PCC
above different microstructural constituents of the alloy
surface. The table lists the Mn/ΣM values for the matrix
and particles shown in Figs. 4b–4d. It is well seen that
the Mn content of the coatings on the intermetallic particles far exceeds that on the matrix. The low values of
the atomic ratio are due to the relatively large probing
depth (1 μm). Thus, the EDS results lend support to the
assumption inferred from SEM data that the PCCs on
intermetallic particles are much thicker.
In addition, the proposed approach made it possible
to reveal a very uniform manganese(IV) oxide distribution over the matrix surface at treatment times of
60 min or longer. The Mn/ΣM ratio in the sample kept
INORGANIC MATERIALS
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Fig. 4. SEM micrographs of AA2024 samples treated at room temperature for (a) 30 and (b–d) 150 min; (a) well-coated Al–Cu–
Mg particles (smaller) and Al–Cu–Fe–Mn particles (larger); the arrow at the right of the micrograph marks a polishing scratch;
(b) evenly coated matrix; (c) Al–Cu–Fe–Mn and (d) Al–Cu–Mg particles with thick PCCs.

in the solution for 90 min was very close to
0.008 throughout the alloy surface. Treatments of
AA2024 for 150 and 210 min increased this ratio only
slightly, to 0.009–0.01, thereby lending support to the
conclusion that the PCC stops growing after 150 min
of treatment.
The Mn/ΣM ratio measured above intermetallic second-phase particles was found to widely scatter, probably because the deposition rate depended on the particle
size and electrochemical activity. For example, in the
sample treated for 90 min, the ratio of Mn/ΣM above
the particles to that above the matrix ranged from 2
(small particles) to 25 (large particles). In the samples
treated for 150 and 210 min, this ratio varied from 3
to 30. This attests to a continuous PCC growth above
both the alloy matrix and second-phase particles.
As seen in Figs. 4c and 4d, most defects in the PCC
are concentrated around large intermetallic particles.
These are cracks in the thick coatings on the irregularly
shaped Al–Cu–Fe–Mn particles (Fig. 4c) and peripheral cracks at the particle–matrix interfaces, more common around large Al–Cu–Mg particles (Fig. 4d). Both
types of cracks seem to develop during drying of the
coatings. The PCC on the surface of the major phase of
the alloy (Fig. 4b) is rather uniform in morphology and
has no well-defined traces of defects or cracks, which
INORGANIC MATERIALS
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fits well with the smaller thickness of the PCC in this
region. It is, therefore, reasonable to assume that it is
the high cathodic activity of second-phase particles in
AA2024 (which contain Cu, a more noble element
compared to Al), well documented in the literature
[5, 24, 35, 36], which is responsible for the formation
of the defects in question. This assumption is consistent
with the approach patented by Bibber [15–18] to the
protection of various Al alloys. To achieve effective
corrosion protection of Cu- or Zn-rich alloys, including
AA2024, an additional process step is necessary—
treatment in a silicate solution. This step is intended to
block the cracks and defects developing during PCC
growth [16]. It is reasonable to expect that alloys that
are poorer in Cu and Zn contain lower concentrations of
large intermetallic second-phase particles. This, in turn,
must reduce the defect density in PCCs, as observed in
practice: such alloys require no treatment in silicate
solutions.
Temperature effect. The AA2024 samples treated
for 3 min at 50 and 68°C were close in properties to the
samples treated at room temperature for 90 and
210 min, respectively. SEM examination of those samples showed that they were similar in surface morphology. The Mn/ΣM ratio (evaluated from EDS data) in the
sample prepared at 68°C was rather close to the values
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Mn/ΣM ratios extracted from EDS measurements for the
sample treated in a permanganate solution for 150 min
Analyzed area*

Mn/ΣM

Fig. 4b
Fig. 4c
Fig. 4d

0.009
0.11
0.07

* The analyzed area is marked by a cross in the micrograph.

in the table, and the samples prepared at room temperature (90 min) and 50°ë (3 min) were also almost identical in Mn/ΣM. Thus, treatment of AA2024 in the temperature range 25–68°C produces morphologically
similar conversion coatings. The main effect of raising
the deposition temperature is to increase the growth
rate, in accordance with earlier reports [16–18].
At room temperature, PCC formation reaches completion in 150 min, whereas at elevated temperatures
(50–68°C) the growth rate is faster, and the PCC stops
growing after several minutes. This coating time is
slightly longer than the one reported by Bibber [15–17]
(1 min at 68°C), which may be due to differences
between the procedures used for polishing and sample
preparation before immersing the Al plates in the reaction solution. Since the thickness and nature of the
oxide layer strongly depends on the sample preparation
procedure, one would expect a variation in the rate of
PCC growth, which involves dissolution of the surface
oxide.
CONCLUSIONS
As in the case of chromate coatings [5, 7, 8, 24], the
growth of PCCs on aluminum alloy 2024 begins on the
surface of intermetallic second-phase particles, which
display cathodic activity with respect to the major
phase of the alloy. At room temperature, traces of a
coating on the surface of the major phase appear after
5 min of keeping the alloy in an alkaline KMnO4 solution. After 150 min of room-temperature treatment,
the growth rate drops, and the coating stops growing. In
the temperature range 50–68°C, the process takes 3
min to reach completion, and the resulting coatings are
very close in surface morphology and thickness to the
coatings grown at room temperature.
The major component of the coatings is hydrated
MnO2, in accordance with earlier reports. The major
impurities in the coatings are Mg, K, and Na, whereas
the amounts of Al, Cu, and B are insignificant. Since the
amount of permanganate ions in our coatings (based on
manganese(IV) oxide) is also insignificant, they are
unlikely to be capable of active corrosion protection, in
contrast to some other conversion coatings.
In our samples, the coating on the second-phase particles is always markedly thicker, which is, most likely,

responsible for the formation of defects (cracks) in the
coating near such particles.
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