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ABSTRACT

The present research work is investigation on the probabilities for application of a new cerium compound, for cathodic
electrodeposition of cerium based conversion coatings (CeCC) for protection of D16 AM alloy against corrosion. For the
purpose of the present study, diammonium pentanitrocerate (NH ) ,Ce(NO ), was used, where the cerium is represented
in the anionic moiety, instead of the electrolytes used up to nowadays. The barrier ability and durability against corro-
sion of all coatings were evaluated by electrochemical methods — Linear Sweep Voltammetry (LSV) and Electrochemical
Impedance Spectroscopy (ELS). Additionally, selected specimens underwent morphological characterization by means of
canning Electronic Microscopy (SEM) combined with Energy Dispersive X-ray spectroscopy (EDX). As a result, various
parameters and conditions of deposition, such as the preliminary treatment, concentration of the basic substance and ad-

ditives, density of the applied electric current and duration of deposition were elucidated.

Keywords: corrosion protection, aluminium alloy CeCC, EIS, LSV, SEM and EDS.

INTRODUCTION

Regardless the employment of entire generations of
new materials as carbon fibres and various composites
in the transport and especially in the aircraft industry,
the aluminium alloys still remain the basic constructive
materials. Especially, AA2024 and AA7075 alloys are
objects of special attention, due to their remarkable
mechanical strength [1], being the basic constructional
material for commercial [2] and military [3 - 5] aircraft.
In the former case, the aluminium fuselages render
“visibility” for the aircraft and airport radars, whereas
in the military air-transport, the Al-frames shield the
on-board navigation and communication equipment,
against exterior electromagnetic influence. Recently,
the importance of these alloys increased, due to their
capabilities to be employed in the automobile industry
[6 - 8]. In addition, the aluminium alloys encountered
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application in the marine industry for production of sport
boats and even ships [9 - 11]. The main advantage of
the aluminium alloys, compared to the steels is that the
former are much lighter (about 2.723 tonnes/m®) than
the latter (about 7.840 tonnes/ m?) [12]. Finally, the alu-
minium alloys are valuable for military naval building,
rendering to the ships lower radar detection visibility
[13], compared to the steel constructions.
Nevertheless, the corrosion protection by coatings
is indispensable for all kinds of aluminium details
and equipment. The conventional coatings are always
composed by multilayer systems, where each layer
has its own function [14-17]. On the other hand, the
environmental restrictions regarding the employment
of chromium and other heavy metals in EC [18, 19]
and USA [20, 21] impose demants for alaboration of
environmentally acceptable coatings. In that means,
the Ce(IIl) compounds have proven to be excellent
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inhibitors for localised, particularly pitting corrosion,
whereas the Ce(IV) species act rather as corrosion ac-
tivators [22-24]. The importance of the anionic part of
the Ce-compounds has also been described, elsewhere
[25]. All the facts mentioned above predetermine the
nowadays elevated interest to the application of Ce ox-
ides/hydroxides in form of Cerium containing primary
coating layers on aluminium alloys [3, 4, 26-34] and
stainless steel [37 - 40].

Arenas et al. [31] define the conversion coatings
as products of chemical or electrochemical process,
consisted on formation of a metallic oxide, with differ-
ent properties, being substitute of the native superficial
oxide layer of the respective substrate. Consequently,
CeCC could be deposited by various methods, such as
spontaneous deposition [3, 4, 26, 27, 30], spray coating
[34] electrodeposition [35], spin coating, [41], etc.

EXPERIMENTAL

Composition and of the metallic substrates

All substrates were composed of aluminium alloy,
D16-AM, described in GOST 172342 — 99. According
to [42], this alloy is typical presenter of the AA2024
class. The alloy sheet for the present work is produced
in Ukraine, and delivered by Klockner Metalsnab AD,
(Bulgaria) [43]. Because the standards allow some
deviations from the basic nominal composition, the
Al-sheet was submitted to an additional analysis, in
order to determine its exact chemical composition. The
element determination was performed by Inductively
Coupled Plasma Optical Emission Spectroscopy (ICP-
OES) in the Central Scientific Research Laboratory
“Geokhimia”- Sofia. The exact composition of the alloy
is summarized in Table 1.

The alloy sheet was cut to metallic coupons with size
dimensions, shown in Fig. 1. Afterwards, they were sub-
sequently polished up to 1000 grits emery paper, etched
in NaOH solution (50 g/1) at 55°C for 5 minutes, and
activated in diluted HNO, (1:1) for 5 minutes, at ambi-
ent temperature. Before each stage of the procedure, the

samples passed cleaning by vigorous tap-water, followed
by distilled water cleaning.

Coating deposition

The CeCCs were deposited via electrodeposition at
either -2, or -5 mA/cm?, for 5 min from water solutions
of (NH,),Ce(NO,),.4.H,0 — (“Alfa Aesar”, Karlsruhe,
Germany) with concentrations, varying from 0.03 to
0.10 M. Prior the respective electrodeposition, 30 %
H,0, (“Valerus”, Sofia, Bulgaria) was added to the
solutions, in 1 to 10 ml. additions to 100 ml. of CeCC
deposition solution. This approach enabled to determine
the optimal composition of the coating solution.

Measurements and characterizations

The electrochemical CeCC depositions were per-
formed in a Galvanostatic regime, allowing recording
of the potential during coating deposition and the fol-
lowing of its kinetics. Afterwards, the CeCC corrosion
protective properties were characterized by linear sweep
voltammetry and electrochemical impedance spectros-
copy. Both the depositions and characterizations were
performed in three electrode “flat cell”, according to ISO
16773-2:2007 (E) Standard [44]. In both cells, Ag/AgCl-
3M KCI, commercial electrode, model 6.0733.100,
product of Metrohm (Netherlands) served as reference.
The original “horseshoe” — shaped counter electrode
was used for the needs of electrodeposition, whereas
cylinder-shaped platinum net with highly developed
superficial area was used for counter electrode in the
test procedures. Other differences between the deposi-
tion and test cell, were the areas of the samples exposed
to the liquid medium (shown in Fig. 1(c)), as well as
its composition. The corrosion protective properties of
CeCC, were examined after 24 h of exposition to natu-
rally aerated 3.5% NaCl model corrosive medium. This
exposure extension was selected, since in previous works
[45, 46] was established that the Open Circuit Potential
(OCP) stabilizes its value after at least 8 — 9 hours of
exposition. The specimens were not submitted to larger
exposition extensions, because the anodic polarization

Table 1. Composition of AA2024 alloy according to ICP — OES analysis.

Element Al Cu

Fe Mg Mn Ni Si

Content (Yowt) Residual @ 3.716

0.404 1.259 0.537 0.055 @ <0.01
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Fig. 1. Photographs of the deposition cell (a), test cell (b)
and illustration of the coated and tested metallic sample (c).

curves cause irreversible damage on the electrodes. In
addition, the durability of the coatings was not examined,
because they are subjected to further investigations after
their sealing by phosphate layer, as is proposed in [4,
29, 47, 48].

All the electrochemical procedures were performed
by PG-stat Autolab 30/2, product of Ecochemie (the
Netherlands). The respective impedance spectra were
acquired at the following conditions: frequency range
from 10* to 102 Hz, distributed in 7 frequencies per
decade, with signal amplitude of 10 mV according to
OCP. Afterwards, individual cathodic and anodic polari-
zation curves were recorded in a larger potential interval
(from OCP + 30mV to OCP + 500 mV, respectively),
at 1 mV/s potential sweep rate. The latter curves were
recorded after quenching of the polarization, caused by
recording of the cathodic curves.

Superficial morphology and coating composition

The SEM observations were performed by
TESCAN, SEM/FIB LYRA I XMU, supported by
detector BRUKER-Quantax 200 for the EDS char-
acterisations.
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Fig. 2. EIS-spectra of samples prepared by CeCC deposi-
tions from solutions with different NH,),Ce(NO,), contents:
1-0.03M;2-0.04M; 3 - 0.05M; 4 -0.07M; 5 - 0.1M.

RESULTS AND DISCUSSION

Influence of concentration of the basic substance
of the conversion bath on the features of the CeCC

Five metallic substrates were submitted to elec-
trodeposition at -2 mA/cm?, for 5 min. The concen-
tration of the basic ingredient of the coating solution
was selected to be: 0.03, 0.04, 0.05, 0.07, 0.10 M of
(NH,),Ce(NO,),4H,0, and 10 ml. of 30 % H,O, per liter
of coating solution for all of them.

The barrier abilities of the respective coated speci-
mens were examined by electrochemical measurements
after 24 hours of exposition to the corrosive medium.
The EIS-spectra of the samples are shown in Fig. 2.

The Bode plots of the impedance spectra look almost
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Fig. 3. Anodic polarization curves of AA2024 substrate
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prepared by CeCC depositions from solutions with different
NH,),Ce(NO,), contents: 1 -0.03M; 2 - 0.04M; 3 - 0.05M;
4-0.07M; 5 - 0.1M.

equal, whereas the Nyquist diagrams reveal remark-
able differences. The largest semi-circle belongs to
the sample coated in 0.05 M (NH,),Ce(NO,), solution.
Furthermore, its log|Z| - log(f) curve at 10 mHz also has
the highest value, revealing that this coating possesses
the best protection ability. The phase shift / log(f) curves
reveal that there are two overlapped maxima, revealing
presence of two, almost indistinguishable superficial
layers on the substrates.

The anodic curves also partially confirm the results,
obtained by EIS spectra. Fig. 3 depicts anodic curves,
acquired after 24 hours of exposition to model corrosive
medium of samples, coated in solutions with different
(NH,),Ce(NO,), contents.

Although the fact that the curve of the sample, pre-
pared by 0.05 M (NH,),Ce(NO,), deposition solution
shows the best barrier ability, it also reveals clear features
of pitting corrosion. The potential oscillations in -375 to
-250 mV resemble the dynamic pitting nucleation/repas-
sivation state, and the further swift rise reveals a stable
pitting growth [49]. Nevertheless, the anodic current
densities of this sample, (together with those, prepared
by 0.1 M of the Ce-salt) stay at relatively two orders of
magnitude lower than all of the rest.

Influence of oxidant addition on the features of the
CeCC

The hydrogen peroxide is described as accelerator
ofthe deposition process [50]. In order to investigate the
impact of the oxidant addition, entire group of samples
was submitted to CeCC deposition at equal conditions, as

-1.65 ¢ : : f r
0 50 100 150 200 250 300

Time, (s)

Fig. 4. Chronopotentiometric curves obtained during the
galvanostatic deposition of CeCC coatings with different
additions of H, 0O, to the coating solution: 1 —100ml/l H,O,;
2-50-10ml/1 H,0,;3 - 25ml/1 H,O;4 - 10ml/l H,O,.
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follows: The depositions were performed for 5 minutes
at -2 mA/cm?. The basic substance was 0.05 M in the
conversion bath solution.

During the deposition at galvanostatic regime at -2
mA/cm?, the equipment was continuously measuring
the potentials versus the Ag/AgCl reference electrode
and their evolution within the deposition process. The
obtained potential/time diagrams are shown in Fig. 4.
There, after its initial immediate fall down to almost
-1.650V, the potential reverses its values reaching about
-1.300 to -1.350 V. The initial potential drop is related to
the current spent for hydrogen evolution on the metallic
surface. This process appears due to both of the reduc-
ing role of the cathodic current, and the generally acidic
character of the deposition solution.

The subsequent reversion of the potential relays to
removal of the H, bubbles from the metallic surface.
Probably, the reason for this removal and the reversion
of the potential is the so called “cathodic dissolution of
the aluminium” [51, 52]. The most extended continua-
tion is observable for the worst samples — with 100 and
50 ml/l H)O, (175 s for curve 1, and 125 s for curve
2). Curves 3 and 4 of the samples with more uniform,
dense and homogeneous Ce-coatings achieve maxima
after 10 - 15 s.

After reaching maxima, the potentials start to drop
gradually again for all curves. This phenomenon is
related either to a gradual growth of uniform coatings
(curves 3 and 4), or to occupation of the metallic surface
by Ce-containing agglomerates. For the best coating,
(10ml/1 H,0,), this gradual drop of potential continued

299



Journal of Chemical Technology and Metallurgy, 48, 3, 2013

10+

9 ]

104 -
10%

1 O-T_ -

(A/cm?)

10 e 1
RT

10-10
-1.3

41 10 -09 08 07
(V versus Ag/AgCl)

1.2
E,

101

10%

10

(A/cm?)

_10%

10

08 07 06 05 04 03 0.2
E, (V versus Ag/AgCl)

Fig. 5. Cathodic (a) and anodic (b) polarization curves recorded after 24 hours of exposition to the model corrosive medium

of four specimens coated at different H,O, additions: 1 —100ml/I H

from the 50™ (point (a)) to 200" (point (b)) second after
the beginning of the deposition. During this time, the
potential drops with about 200 mV. Taking into account
that the deposition is performed in galvanostatic regime
(-2 mA/cm?) and applying the Ohm law, it was found
that the resistance of the deposited film increases with
100 Q cm? for a second. In other words, for the entire
period of film growth (between points (a) and (b)) the
total resistance of the best film (curve 4) raises up to
750 kQ cm?. Consequently, the increment of the H,0,
as OH - provider in the deposition solutions favors the
dissolution of the underlying aluminum, hindering the
formation of uniform and homogeneous CeCC.

Fig. 5 represents cathodic (a) and anodic (b) polari-
zation curves recorded after 24 hours of exposition to
the model corrosive medium of four specimens coated
at different H,O, additions.

The linear voltammogams, resemble distinguish-
able features of the respective specimens. All the four
samples could be conditionally divided into “better” and
“worse”. The former have lower content of the oxidant
(10 and 25 ml/1 of 30% H,0O,), whereas the latter were
prepared with 50 and 100 ml/l of 30% H,O, content,
respectively. The anodic curve of the sample prepared by
50 ml/l. H,O, shows a lack of whatever passive region.
Both the cathodic and anodic curves of the sample with
100 ml/l H,O, content stay at lower current densities,
than those of the sample coated at 50 ml/1 H,O, addition.
Nevertheless, the respective anodic curve (sample with
100 ml H,0,) has shorter region of passivity (from -750
to -550 mV vs. Ag/AgCl) than the curves of the samples
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with lower H,O, additions. According Bethencourt et al.
[53], the shorter passivity regions indicate lower strength
against pitting nucleation.

Between the “better” samples, the cathodic curve
of the sample prepared at 25 ml/l H,O, stays at lower
current densities, than this of the sample prepared at
10 ml/I content of the oxidant. However, the respective
anodic curves stay at the same current densities, reveal-
ing very similar barrier ability. Furthermore, the curve of
the sample with 10 ml/l oxidant addition has relatively
larger passivity region (Fig. 5b, curve 4). From these
relatively equivocal features of the polarization curves,
it can be concluded that the optimal addition of peroxide
should be in the range of 10 to 25 ml of 30 % H,0O, for
a liter of conversion bath.

Influence of deposition current on the features
of the CeCC

For investigation of the influence of the current ap-
plied, electrodepositions at -5 mA/cm?*were performed
on other set of specimens. The rest conditions were as
described in the previous section (alkaline etching of the
substrates, 0.05 M (NH,),Ce(NO,), and 10, 25, 50 and
100 mI/1 H,0,). In that manner, the coatings obtained by
these conditions could be compared with the previous
ones (e.g. prepared at - 2 mA/cm?).

As could be seen from Fig. 6, the curves obtained
during the electrodeposition at -5 mA/cm?do not possess
the indicative slope for deposition of uniform, homoge-
neous layer described in the previous section.

The barrier abilities of the respective samples were
additionally evaluated by electrochemical measurements
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Fig. 6. Chronopotentiometric curves obtained during gal-
vanostatic deposition of CeCC at - 5 mA/cm? and different

additions of H,O, to the coatins solution: 1 —100 ml/l H,O ;
2-50ml/1H,0,;3 -25ml/1 H,0,;4 - 10 ml/l H,0,.
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after 24 hours of exposition to the model corrosive me-
dium, as well. Fig. 7 shows EIS — spectra of the samples
with films deposited at - 5 mA/cm?.

Any significant differences among the shapes of the
spectra were not registered in the respective Bode plots.
However, when the Nyquist plots are compared, clear
differences among the radia of the respective spectra is
observable. The coating, prepared at 25 ml/l of H,0,
obviously excels the rest two, being almost identical to
those of the sample, prepared at lower oxidant content
and current density. The similarity between the spectra
of the specimens, prepared at -2 mA/cm?and 10 ml/l. of
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O, (Fig. 2b, curve 3) and at -5 mA/cm®and 25 ml/.

O, (Fig. 7b, curve 2) reveal compensation between the
reductive effect of the cathodic current applied during
the deposition, and the addition of H,O, as an oxidant.
In other words, at 0.05 M concentration of the cerium
compound, in both cases, identical coatings could be
obtained. The former approach of lower current and
oxidant addition is preferable by economic point of
view. Indeed, the visual inspection of the coatings ob-
tained at the higher deposition current proved formation
of rather less uniform deposits. The samples revealed
rough and grain-formed agglomerates, when the higher
current was used. The unsatisfying homogeneity of the
coatings favors the access of corrosive species to the
metallic surface, resulting in appearance of Warburg
impedance tails [54] (Fig. 7b, curves 2 and 3). Curve 1
in the same figure does not possess such a tail and its
radius is slightly larger than this of curve 3. Both these
features of the former curve are indications of hampered
corrosion products inside the defects of the coating, caus-
ing obstruction for the access of corrosive species to the
substrate surface. The relation between the presence of
corrosion products and the change of the shape of the
EIS spectra is described elsewhere [55, 56].

Fig. 8 reveals that there are lower differences among
the polarization curves of the samples prepared with
different H,O, additions, compared to those in Fig. 5.

This phenomenon could be easily explained, because
the deposition current plays a role of reducer. As a result,
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Fig. 7. Electrochemical impedance spectra, acquired after 24 hours of exposition to the model corrosive medium of four
specimens coated at -5 mA/cm? at different H,O, addition: a — Bode plot; b-Nyquist plot 1 - 50 ml/l H,0,;2 -25ml/l H,O,;

3- 10ml/1 H,0,
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Fig. 8. Cathodic (a) and anodic (b) polarization curves recorded after 24 hours of exposition to the model corrosive medium

of four specimens coated at different H,O, additions: 1 - 50 ml/1 H,O

at higher current densities (- 5 mA/cm?), the influence
of the H,O, as oxidant is less notable. The supply of
electrons towards the specimen (by the electric cur-
rent) leads to deactivation of the peroxide by obtaining
of OH- ions [3] and acceleration of oxygen reduction.
Both these processes result in supplemental alkalisation
of the medium near the substrate surface and accelera-
tion of Ce-precipitation [3, 57]. However, the obtained
Ce(OH),/Ce(OH), precipitates do not form any coating
layer, but rather conjunction of clusters. The acceleration
of the deposition process at higher current (e.g. - 5 mA/
cm?) disturbs the gradual growth of dense crystalline

,0,;2-25ml/1 H,0,;3 - 10ml/I H,0,.
structures, promoting formation of agglomerates, similar

to the described in previous works [58].

Morphological observations

To follow how the surfaces of the metallic speci-
mens change after CeCC electrodeposition, and what
is the level of coverage by the coatings, several SEM
observations combined by EDX elemental analyses were
performed. The SEM photographs (Fig. 9, positions a,
c,) reveal that the entire surface is covered by the CeCC.
In addition, larger oval hills are clearly distinguishable
on the surface. Probably these oval hills are formed as

. .
5 keV 10 15

Fig. 9. SEM images (a, ¢) and EDX point analyses (b, d) of bright and dark zones of CeCC deposited from 0.05 M

(NH,),Ce(NO,), with 10ml/1 H,O, at -2 mA/cm?
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Table 2. Elemental composition determined by the point
analysis of the bright and dark zone points of the coating

El AN Series unn. C norm., C Atom. C Error
[wt.%] [wt.%] [at.%] [%]
T e
g |© 8 K-szeries 30.72 32.61 76.55 4.4
z Ce 58 L-geriezs 58.42 62.00 16.62 1.6
= Al 13 K-series 4.28 4.54 6.32 0.3
m (Cu 29 K-series 0.81 0.86 0.51 0.1
Total 94.23 100.00 100.00
El AN Series unn. C norm. C Atom. C Error
[wt.%] [wt.%] [at.%] (%]
% Al 13 K-series 61.53 69.61 62.54 3.1
Se 8 K-series 21.15 23.93 36.26 3.2
© |Ce 58 L-series 5.40 6.11 1.06 0.2
© |cu 29 K-series 0.31 0.36 0.14 0.0
Total 88.39 100.00 100.00

consequence of preferential deposition on the locations
of the intermetallics, as was observed in [22].

In order to clarify the real composition of the
samples and the distribution of the elements on their
surfaces, EDX — point analyses were executed during
the SEM observations. The elemental distributions of
the most important chemical elements: Al, Ce, Cu, and
oxygen were monitored. These elements were selected
because the aluminium could be presented not only
from the metallic substrate, but also to compose corro-
sion products, in form of AI(OH),, etc. The cerium was
selected because this element together with the oxygen
are the basic components of the coating. The copper was
also selected to be monitored, because it should reveal
whether the S-phase intermetalics are preferable loca-
tions of deposition, and is there a copper re-deposition

as evidence of corrosion during the deposition. In order
to clarify the compositions of the bright and dark zones,
quantitative point analyses were performed on them.
Fig. 9 shows two point analyses on a bright (position
¢) and dark (position d) areas of a CeCC coating, elec-
trodeposited from 0.05 M (NH,),Ce(NO,), with 10ml/1.
H,0,at -2 mA/cm®.

After the execution of these analyses it was conclud-
ed that the bright areas are almost completely composed
by Ce-oxides/hydroxides, whereas in the darker zones
the Ce-content is much lower. This fact reveals that ei-
ther the coating in these zones is covered or mixed with
Al-containing corrosion products, or it is thin enough to
allow detection of the substrate material. The latter case
is possible because the depth of focus is higher than the
CeCC thickness [59]. Table 2 summarizes the content of
the monitored elements in the bright (Fig. 9a) and dark
(Fig. 9b) zones of the specimen.

As could be seen in Table 2, that the atomic con-
centration Ce is almost three times higher than this of
the aluminium. Surprisingly, there is unexpectedly low
content of copper. This fact reveals that the superficial
intermetallics are completely covered by rather thick
Ce-layer. In the dark zone, more than 62 atomic units
belong to Al, and only traces of Ce are represented, as
can be seen in Table 2.

Comparing the tabular data for the dark and bright
zones, it could be concluded that the coatings are not
enough homogeneous, but they are rather represented
by mixture of Ce-oxides/hydroxides, surrounded by Al-
corrosion products deposited on the coating, or involved

Fig. 10. EDX map data of CeCC deposited at 0.05 M (NH,),Ce(NO,), with 10ml/I H,O, at -2 mA/cm’.
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inside the CeCC-layer. Indeed, the map analysis (Fig.
10) reveals that the difference of the compositions,
registered by the point analysis (Fig. 9) evinces that
the Al-presence is a result of involution of corrosion
products in the coating structure.

In addition, clear features of uniform copper re-
deposition, as a result of the CeCC deposition procedures
and/or preliminary treatment are observable in Fig. 10.
This phenomenon is well described in the literature
[57, 60, 61].

CONCLUSIONS

The CeCC depositions and the subsequent complex
elucidation of the data obtained by the electrochemi-
cal and morphological studies provided the following
conclusions:

For the investigated concentration range, from 0.03
to 0.1 M (NH,),Ce(NO,),, the optimal concentration
is about 0.05 M. The optimal content of peroxide was
determined to be in the range of 10 and 25 ml of 30 %
H, 0O, for liter of deposition solution.

It is established that the application of the lower
current e.g. - 2 mA/cm? is preferable for deposition of
dense and uniform coatings. The higher current density
promoted formation of friable agglomerates.

Compensation was registered between the detrimen-
tal effects of the higher H,O, content and the stronger
current applied. The coating, deposited at -5mA/cm? at
25 ml/l of H,O, was almost identical to those, deposited
at - 2 mA/cm® and 10ml/1 of H,O, content.

By the chronopotentiometrical measurements during
the deposition it was concluded that the efficient dura-
tion of the deposition of the optimal coating is about 200
seconds, any further continuation should not affect the
coating characteristics, being just time wasting.

The complete coverage by the coating observed by
SEM evinced that the application of cathodic currents
results in the uniformity of the CeCC obtained.
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