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A B S T R A C T

The electroassisted (EA) deposition of trivalent chromium conversion coatings on aluminium is investigated with
a focus on the influence of applied potential on the chromium valence state, as determined by Raman spec-
troscopy. The morphology and compositions of the coatings were investigated by scanning electron microscopy
and energy-dispersive spectroscopy. The EA coatings were formed in naturally-oxygenated SurTec 650
chromitAl solution at constant potentials of −1.5 and −0.5 VSCE. The coatings contained chromium and zir-
conium constituents. The potentials resulted in net cathodic and anodic current densities, respectively, during
the coating growth. Comparisons were made with coating formation at the open-circuit potential (OCP). The
coating thickness increased in order −0.5 VSCE < OCP < −1.5 VSCE, a result of increasing alkalinity from the
cathodic reaction that facilitates deposition of the coating constituents. Fresh coatings formed at −1.5 VSCE

revealed the presence of Cr6+ species. By contrast, Cr6+ species were not resolved in the coating formed at
−0.5 VSCE. It is proposed that less H2O2 is generated at −0.5 VSCE to oxidize Cr3+ coating species.

1. Introduction

Trivalent chromium conversion (TCC) coating treatments are re-
garded as eco-friendly replacements of toxic chromate conversion
coating processes [1–4]. A typical trivalent bath may contain hexa-
fluorozirconate, trivalent chromium sulphate and supplemental in-
gredients such as fluoride species [5,6]. The fluoride component can
activate the surface by thinning the surface oxide film to promote the
coating formation [7]. The resultant coatings on aluminium and alu-
minium alloys display a two-layer coating structure, consisting of an
outer Zr-/Cr-rich layer over an alumina-rich layer containing fluorine
species [8–11]. However, hexavalent chromium (chromate) species
have been identified by Raman spectroscopy in freshly-formed coatings
on aluminium [9,12]. It has been shown that the trivalent chromium
can be oxidized by hydrogen peroxide generated by oxygen reduction
with a 2e pathway [9,13].

Li et al. [14] evidenced chromate species preferentially formed near
copper-rich particles in a TCC coated AA2024 alloy, while remaining
undetectable on the particle-free matrix. This correlated with the cat-
alytic role of the cathodic particles in H2O2 formation and with the
locally enhanced cathodic reactions during conversion treatment. Fur-
thermore, more chromate was recorded on terraces near copper-rich

particles during immersion in sodium sulphate solution with a small
H2O2 addition (0.01 v/v) compared with the absence of H2O2, con-
firming the effectiveness of H2O2 as an oxidant of Cr3+ species. Other
work correlated H2O2 generation with colorimetric measurements
using the titanly reagent and revealed that fluoride in the reaction so-
lution significantly increased H2O2 formation [13].

Notably, Cr6+ species were detected on TCC coated AA2024 alloy
after the coating was aged in air for more than 1 h but were un-
detectable in freshly-formed coatings, which was attributed to in-
sufficient dissolved oxygen in the bath [7,14]. However, a chromate
component was found in freshly-formed coatings on aluminium [9]. Of
possible significance to this discrepancy, the steady open-circuit po-
tential (OCPs) during conversion treatments of AA2024 alloy is posi-
tively shifted (to −0.8 VSCE) compared with aluminium (−1.5 VSCE)
[9,15], suggesting that reduction of oxygen to form hydrogen peroxide
rather than hydroxyl ions may depend on the potential. With respect to
electroassisted (EA) deposition of TCC coating formation, Dong et al.
reported coatings containing zirconium and trivalent chromium oxides,
similar to coatings formed under the open-circuit potential [8,16].

The influence of the electrochemical potential of the substrate on
the formation of H2O2 and Cr6+ species during coating growth on
aluminium is the focus of the present research. This factor has received
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little previous attention. The study specifically investigated the role of
constant applied potentials of −0.5 VSCE and −1.5 VSCE during con-
version treatments in a commercial TCC solution. These potentials re-
sult in net anodic and cathodic polarization of the aluminium, respec-
tively. Scanning electron microscopy (SEM) with energy-dispersive X-
ray spectroscopy (EDS) was used to characterize the coatings.
Additionally, the coated specimens were analysed by Raman spectro-
scopy to determine the chromium chemistry and its dependence on the
applied potential and immersion time.

2. Experimental procedure

2.1. Materials and regnant

Specimens, of dimensions 30×12×0.3mm, were cut from 99.97
% aluminium sheet, rinsed sequentially in acetone, ethanol and deio-
nized water, then electropolished in a mixture of perchloric acid and
ethanol (1:4 volumes) at 20 V for 240 s below 10 °C. They were then
rinsed in ethanol and deionized water and dried in a stream of cool air.

SurTec 650 chromitAL (SurTec Corp.) was diluted with deionized
water at a volume ratio of 1:4 and then 1wt.% NaOH droplets were
used to adjust the solution pH to 3.9. Inductively coupled plasma-
atomic emission spectroscopy (ICP-AES) analysis of the bath, using a
Perkin-Elmer Optima 5300 dual view instrument, revealed a Zr/Cr
atomic ratio of 0.70 ± 0.02. The composition of SurTec 650 chromitAL
is subject to commercial confidentiality, but is presumed to contain
zirconium hexafluorozirconate, tri-valent chromium sulphate and
fluoride constituents that are usually present in TCC baths. Consistent
with the presence of such constituents, other work has shown that ZrO2,
Cr(OH)s, CrF3 and Cr2(SO4)3 are principal components of coatings
formed in SurTec 650 chromitAL solution [9].

A three-electrode cell, containing a saturated calomel electrode
(Eº= 0.24 V vs NHE), a graphite cathode and a specimen with an ex-
posed area of ∼2.25 cm2, was used for coating formation. Potentials
were controlled by a Solarton electrochemical workstation with a
Modulab software controller. First a potential of +0.5 VSCE was applied
for 10 s to activate the surface and then the potential was increased to
−0.5 or −1.5 VSCE for either 1200 or 2400s. The time of the coating
process was selected to be the same as (1200s) or greater than (2400s)
the time used in previous work that revealed chromate species in a
coating formed under the OCP condition [9,13]. The coated specimens
were immediately removed from the cell and examined by Raman
spectroscopy within 10 s to limit the possibility of oxidation of Cr3+

species in air. In addition, potentiodynamic polarization of electro-
polished aluminium was performed from −2 to 0 VSCE at 1mV/s in the
SurTec 650 chromitAL solution (40 °C, pH 3.9). The specimen was first
polarized at +0.5 VSCE and then the potential was immediately swit-
ched to −2.0 VSCE for the start of the potential scan. The experiments
were repeated three times, revealing reproducible polarization beha-
viour.

2.2. Characterization methods

SEM-EDS employed a Zeiss Ultra 55 instrument at accelerating
voltages of 3 and 15 kV. Raman spectroscopy used a Renishaw 2000
Raman instrument with an argon laser (wavelength 514 nm, 12.5mW
power). Calibration utilized a silicon peak at 520 cm−1 in the static
mode. For specimen examination, the extended mode from 1200 to
200 cm−1 was employed with 30 s integration and 10-time accumula-
tion to eliminate any background noise effect.

3. Results and discussion

Fig. 1 presents the polarization curve for electropolished aluminium
in SurTec 650 solution (40 °C, pH 3.9) scanned from −2.0 VSCE to 0
VSCE. The current density in the cathodic branch rises to a peak value of

1.02×10−4A cm−2 at −1.85 VSCE then decreases with a log-linear
dependence on voltage over almost one decade of current density be-
fore decreasing steeply to zero net current density at −1.34 VSCE. The
latter value compares with OCPs in the range −1.54 to −1.50 VSCE

reported previously for growth of a coating over a period of 1200s in
the same solution. The lower potential of zero current density in the
polarization curve is due to the influence of the prior period of cathodic
polarization. The decline in the magnitude of the cathodic current at
potentials below −1.85 VSCE can be attributed to the contribution of an
anodic current density due to activation of the aluminium substrate.
The net cathodic current density at higher potentials, which arises from
reduction of H+ ions, water molecules and dissolved oxygen, exceeds
the anodic current density due to oxidation of aluminium. The current
density in the anodic branch of the polarization curve rise steeply until
a potential of about −1.00 VSCE, when the slope decreases sharply and
the current density then rises slowly from 4×10−5 A cm−2 to about
7× 10−5 A cm−2 at 0.0 VSCE.

Coatings were prepared under constant potentials of −1.5 and
−0.5 VSCE. At −1.5 VSCE, reduction of H+ ions and dissolved oxygen
can contribute to the cathodic current density. Oxygen reduction may
be dominant at−0.5 VSCE as the equilibrium potential for H+ reduction
is close to −0.5 VSCE at the pH of the bulk solution (3.9). The former
potential is close to the OCP potential for coatings formed by simple
immersion in the naturally aerated solution. The current density during
coating treatments for times of 1200s are shown in Fig. 2(a). The details
of the first 200 s of treatment are shown in Fig. 2(b). For the treatment
at −1.5 VSCE, the main features of the curve are an (i) increase in the
net cathodic current density to −0.75mA cm−2 in the first 20 s of
polarization followed by a fall to −0.50mA cm−2 after 30 s; (ii) a
plateau at −0.45mA cm−2 between 75–200 s; (iii) a decrease at a
progressively reducing to a final current density of −0.26mA cm−2.
Thus, the specimen was cathodically polarized over the whole of the
treatment time. The polarization at −0.5 VSCE resulted in a net anodic
current density throughout the coating process, comprising an initial
rapid rise in current density to 1.8mA cm−2 during the initial 20 s
followed by a smooth decrease at a reducing rate to reach a final value
of 0.4mA cm−2. Notably, the current density in the potentiodynamic
polarization curve at −0.5 VSCE, namely 0.03mA cm−2, is lower than
the final value of the potentiostatic curve (0.4 mA cm−2). It is due to
the much greater coating thickness that results from the prior cathodic
polarization of the specimen at the start of the polarization scan. The
strong influence of cathodic polarization on the coating thickness is
evident in the results from EDS analyses presented later. In addition, the
curves for both −1.5 and −0.5 VSCE shows rapid increases in the cur-
rent density in the first 20 s of polarization. This is probably due to
thinning of the oxide film that was present on the surface of the

Fig. 1. Potentiodynamic polarization curve of electropolished aluminium
during immersion in SurTec 650 chromitAL solution (40 °C, pH 3.9) for 2000s.
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electropolished aluminium specimens. Thereafter, growth of the
coating causes the net anodic and cathodic current densities to de-
crease.

Fig. 3(a–d) presents scanning electron micrographs of TCC coatings
formed at the OCP (≈−1.45 VSCE) for 1200s, −0.5 VSCE for 1200 and
2400s and at −1.5 VSCE for 1200s. A smooth coating surface resulted in
most regions of all coatings. However, the coatings contained cracks
generated by dehydration and shrinkage of the coating material during
drying. The coatings also contained deposits of solution precipitates
[14], which are evident as granular features of white appearance at the
coating surface. The cracks in the coatings formed at the OCP and
−1.5 VSCE for 1200s formed a continuous network. In contrast, cracks
in the coating formed at −0.5 VSCE, often propagated short distances
from the points of initiation and did not connect with other cracks. This
difference in the crack morphology is possibly related to differing de-
grees of hydration of the coating material, and hence in the magnitude
of the stresses caused by shrinkage of the coating, and also to differing
coating thicknesses. The cracking, which has been reported previously
in similar coatings [9,17], is likely to have been exacerbated by ex-
posure to vacuum of the microscope.

Fig. 4 shows results of EDS spot analyses made at an accelerating
voltage of 15 kV on the surface of coatings formed at the OCP
(−1.45 VSCE), −0.5 and −1.5 VSCE for 1200s. The analyses were made
remote from locations of cracks. A coating was also formed for 2400s at
−0.5 VSCE. After coating formation, the specimens were immersed in
deionized water for 120 s and dried in a cool-air stream. The spectra
contain peaks from oxygen, aluminium, fluorine, zirconium and chro-
mium in the coating and of carbon from adsorbed contaminant. Ac-
cording to previous X-ray photoelectron spectroscopy, ZrO2, Cr(OH)s,
CrF3 and Cr2(SO4)3 are the main constituents of the outer layer of the
coating [9]. Insufficient sulphur was present in the coating for the
sulphur Kα peak at 2.307 keV to be clearly resolved in the spectra
Fig. 4. The additional, much higher peak in the spectra originating from
aluminium mainly results from X-ray generation from the aluminium
substrate that dominates the contribution from aluminium in the inner
alumina-rich layer of the coating, which also contains a significant

amount of fluorine [9,18]. The SurTec solution contains hydrolysed
trivalent chromium and zirconium species [13,19], which form deposits
of the coating material on the aluminium surface as a result of the in-
creases in pH that results from the reduction of H+ ions and dissolved
oxygen [8,16]. The highest peaks for fluorine, zirconium and chromium
were associated with the cathodically polarized specimen coated at
−1.5 VSCE for 1200s. The lowest peaks occurred for the anodically
polarized specimen coated at −0.5 VSCE for 1200s. The peaks for the
coating formed at the OCP for 1200s were between those of the pre-
vious coatings. Taking the height of the zirconium peak as an indicator
of the coating thickness, the cathodically polarized aluminium was
about 2.5 times thicker than that on the specimens coated at the OCP
and about 6 times thicker than the coating formed at −0.5 VSCE. The
EDS results indicate the significant increase in the rate of coating
growth that can be achieved by reducing potential below the OCP. In
contrast, the rate of growth is significantly lowered at potentials above
the OCP. In the present instance, the rate of growth of the coating
formed at −0.5 VSCE was about 2.5 times slower than at the OCP. The
coating thickness of the anodically polarized specimen was increased by
about a factor of two by doubling the treatment time from 1200s to
2400s [15].

Fig. 5 shows Raman spectra of the coated specimens treated for
1200s at the OCP, −1.5 V and −0.5 V vs SCE. In all spectra, zirconium
oxide was identified by peaks at 470 and 537 cm−1 and chromium
sulphate at 998 cm−1. The peak around 810 cm−1 is associated with
aluminium hydroxides [6]. The spectra for coatings formed at
−1.5 VSCE and the OCP had an additional peak for Cr6+ species at
866 cm−1. This peak was not resolved at −0.5 V even when the
treatment was extended to 2400s. After this time of treatment, the EDS
analyses showed that the coating thickness was similar to that of the
coating formed at the OCP. This difference in the spectra indicates the
much greater presence of Cr6+ species in the coatings formed at the
more negative potentials. The chromate species result from the oxida-
tion of Cr3+ species by the H2O2 generated by oxygen reduction, which
can occur by two pathways:

O2+2H++2e−→H2O2 (Eº=+0.44 V vs. SCE) (1)

O2+4H++4e−→ 2H2O (Eº=+0.99 V vs. SCE) (2)

The relative contributions of Reactions (1) and (2) to the overall
oxygen reduction current on the present specimens is unknown, but is
likely to depend upon the coating composition, the presence of ad-
sorbed species, the solution pH adjacent to the specimen surface and
the electrode potential [17]. For instance, the oxygen reduction current
due to Reaction (1) has been shown to depend upon the substrate
composition and to increase at more cathodic potentials [17]. Cathodic
polarization of aluminium can also encourage the formation of hy-
drogen peroxide from reaction of hydroperoxyl radicals, as follows
[20],

(O2)ads+H++e→HO2
% (pH < 4.8) (3)

HO2
%+HO2

%→H2O2+O2 (4)

Cr3+ oxidation in TCC coatings can be mitigated using an addition
to the bath that can be preferentially oxidized by H2O2. Xia et al. [21]
reported the effectiveness of IrCl6−3/−2, Fe+3/+2, V+3/+2 and Fe(CN)6-
3/-4. For instance, the standard potentials of IrCl6−3/−2 and Cr6+/Cr3+

are +1.02 and +1.33 VNHE respectively, and the Gibbs free energy of
the IrCl6−3/−2 redox system is lower than that of chromium system.
Thus, IrCl6−3/−2 can be preferentially oxidized by H2O2. Our previous
work employed Fe+3/+2 additions to the SurTec solutions to restrict
Cr6+formation in freshly-formed TCC coatings on AA2024 alloy [22].

4. Conclusions

1 The present work, focused on the influence of applied potential on

Fig. 2. (a) Current transients obtained during potentiostatic polarization of
aluminium in SurTec 650 chromitAL solution (40 °C, pH 3.9) at −0.5 and
−1.5 VSCE for 1200s. (b) Detail of the initial 200 s.
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the chromium valence state in freshly-formed coatings on alumi-
nium, provides new insights into the effect of the potential on the
coating morphology and the formation of Cr6+ species. Cathodic
polarization at −1.5 VSCE led to a coating about 2.5 times thicker
than one formed at the OCP and about 6 times thicker than the one
formed under anodic polarization (−0.5 VSCE). The thickening of
the coating is due to enhanced by increasing polarization of the

cathodic reaction that increases the local pH at the coating surface.
2 Raman spectroscopy revealed Cr6+ species in a coating freshly-
formed under cathodic polarization at of −1.5 VSCE. However, such
species were not detectable in a coating formed at −0.5 VSCE. The
latter is attributed to reduced generation of H2O2 by the oxygen
reduction reaction and hence reduced availability of H2O2 to oxidize

Fig. 3. Scanning electron micrographs of TCC coatings formed at the (a) OCP for 1200s, (b) −0.5 VSCE for 1200s, (c) −0.5 VSCE for 2400s and (c) −1.5 VSCE for
1200s.

Fig. 4. SEM/EDS spectra for fluoride, zirconium and chromium components in
coatings formed on aluminium in SurTec 650 chromitAL solution (40 °C, pH
3.9) at the OCP and −0.5 and −1.5 VSCE for 1200s and −0.5 VSCE for 2400s.

Fig. 5. Raman spectra of coatings formed on aluminium in SurTec 650
chromitAL solution (40 °C, pH 3.9) at the OCP and −0.5 and −1.5 VSCE for
1200s and −0.5 VSCE for 2400s.
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Cr3+ species.
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