np) ‘ Materials Degradation

ARTICLE

www.nature.com/npjmatdeg

The contribution of hydrogen evolution processes during
corrosion of aluminium and aluminium alloys investigated by
potentiodynamic polarisation coupled with real-time hydrogen

measurement

Christophe Laurent'?, Fabio Scenini?, Tullio Monetta®, Francesco Bellucci® and Michele Curioni?

Water reduction, which leads to the evolution of hydrogen, is a key cathodic process for corrosion of many metals of technological
interest such as magnesium, aluminium, and zinc; and its understanding is critical for design of new alloys or protective treatments.
In this work, real-time hydrogen evolution measurement was coupled with potentiodynamic measurements on high-purity
aluminium and AA2024-T3 aluminium alloy. The results show that both materials exhibit superfluous hydrogen evolution during
anodic polarisation and that the presence of cathodically active alloying elements enhances hydrogen evolution. Furthermore, it
was observed for the first time that superfluous hydrogen evolution also occurs during cathodic polarisation. Both the anodic and
cathodic behaviours can be rationalised by a model assuming that superfluous hydrogen evolution occurs locally where the
naturally formed oxide is disrupted. Specifically, during anodic polarisation, oxide disruption is due to the combined presence of
chloride ions and acidification, whereas during cathodic polarisation, such disruption is due to alkalinisation. Furthermore, the
presence of cathodically active alloying elements enhances superfluous hydrogen evolution in response to either anodic or
cathodic polarisation, and results in ‘cathodic activation’ of the dissolved regions.
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INTRODUCTION

Aqueous corrosion is probably the most important single cause of
materials degradation and it occurs by the simultaneous oxidation
of metal and reduction of species present in the environment. In
order to preserve charge neutrality, the oxidation (anodic) and
reduction (cathodic) reactions must proceed at the same rate;
consequently, the slower of the two processes determines the
overall corrosion rate. For relatively noble materials, the most
important cathodic reaction in practical cases is the reduction of
oxygen dissolved in the aqueous environment. However, for more
reactive materials, i.e. with a low electrochemical potential for
metal oxidation such as zinc, aluminium and magnesium, the
reduction of hydrogen cations from water is thermodynamically
possible and might provide a substantial contribution to the
overall corrosion rate.! In the case of magnesium immersed in an
electrolyte, hydrogen evolution largely dominates on oxygen
reduction, as the potential of magnesium in aqueous environ-
ments remains at all times «1V vs. SHE. Thus, in many cases of
practical interest, the corrosion rate of magnesium correlates well
with the amount of hydrogen evolved.>® For aluminium,
hydrogen evolution can be triggered in specific environments
typical of active corrosion sites such as, for example, pits or
crevices,'®?° increasing substantially the local corrosion rate.
Besides corrosion, unwanted hydrogen evolution can be an

important issue for other practical applications; for example, it is
responsible for the reduction of the faradic efficiency of primary
batteries and sacrificial anodes. Therefore, an improved under-
standing of the hydrogen evolution mechanism for both metals,
and the identification of strategies to minimise it, would enable
better alloy design and development of innovative protection
measures.

This work quantitatively investigates the hydrogen evolution
behaviour for high purity aluminium (99.99 %wt) and a
commercial aluminium-copper-magnesium alloy (AA2024-T3),
with the aim of elucidating the fundamental mechanisms involved
and the effects associated with the presence of a noble alloying
element, such as copper.

Hydrogen evolution on aluminium and magnesium has
received significant attention in recent years, due to its funda-
mental and technological relevance® * '* % 21727 Op these
metals, with relatively low electrochemical potential for oxidation,
hydrogen evolution is always thermodynamically possible in the
presence of water, but may be hindered by the presence of an
oxide, hydroxide, or mixed film that physically separates the metal
surface from the electrolyte. In some conditions, when the film is
locally disrupted, such as for example during anodic polarisation
in chloride-containing environment or at active corrosion sites
(pits) during free corrosion, hydrogen evolution might occur
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Iocal1l)2/, 5>8roviding additional current sustaining corrosion propaga-
tion.

The increase in hydrogen evolution rate during anodic
polarisation, which is observed both for aluminium'*'® and
magnesium,® * 2% 3% is particularly evident and it has attracted
significant interest, since it is contrary to what electrochemical
theory would predict. The phenomenon is often referred to as
‘negative difference effect’ or ‘superfluous’ hydrogen evolution. In
the case of aluminium, it appears that there is a correlation
between the occurrence of superfluous hydrogen and the onset of
pitting during polarisation or even during free corrosion.'* ' 31
For example, Frankel observed abundant hydrogen evolution
during the growth of 2-dimensional pits on aluminium "7 under
anodic polarisation and estimated that the current associated with
hydrogen evolution was approximately constant, regardless of the
applied anodic potential. McCafferty®' proposed a sequence of
steps for the initiation and propagation of pitting on aluminium in
the presence of chloride ions, and suggested that the formation of
hydrogen gas might play a role in disrupting the passive film, by
forming oxide blisters that rupture due to the high hydrogen
pressure. Drazic et al. found that hydrogen evolution on aluminium
decreased with increasing potential until the pitting potential, and
abruptly increased above the pitting potential.'® '® ' Frankel et al.
also observed substantial increase in hydrogen evolution above
the pitting potential, and obtained qualitatively similar conclu-
sions to Drazic et al.3? when polarising aluminium in concentrate
HCl solutions.

Recent studies focusing on the hydrogen evolution behaviour
of aluminium in acidified solution with and without depassivating
chloride ions and/or in presence and absence of a galvanically
coupled nobler material suggest that the superfluous hydrogen
evolution requires the combined presence of: (i) a ‘remote’ current
(in the anodic direction at the corrosion front, that can be
produced directly on the electrode surface by cathodic hydrogen
evolution, or be provided by an external circuit), and (ii) of
depassivating conditions, i.e. local acidification and/or presence of
aggressive ion such as chlorides.'® 2> 2% 28 A model was proposed,
where the superfluous hydrogen evolution was generated at the
active corrosion front, due to the local disruption of passivity,
resulting either in the direct exposure of the metal to the
electrolyte or in the formation of only a poorly protective chloride-
rich film.'> 2 At those locations, due to the large potential
difference available locally, hydrogen evolution can take place
and, overall, the corrosion front acts as a current amplifier, where
the anodic current produced at some locations far from the
corrosion front, i.e. remotely, induces a local cathodic reaction
(hydrogen evolution). Consequently, the amount of metal oxidised
is proportional to the sum of the ‘remote’ anodic current and the
additional current produced locally by hydrogen evolution. These
findings suggest that hydrogen evolution within pits is not due
exclusively to acidification, since the tests were performed in
acidic solution, but it is associated with the breakdown of
passivity, mainly triggered by the presence of chloride ions.

Aside from the phenomenon of the superfluous hydrogen
evolution (that can only observed during anodic polarisation), it
has also recently been shown that on alloys of practical interest
such as AA2024-T3, the presence of a stable corrosion site is
associated with the presence of hydrogen evolution at the
corrosion front.'” " This is due to the fact that, when favourable
conditions are generated for stable evolution of hydrogen at or in
proximity to the corrosion front, the rate at which corrosion
propagates becomes no longer limited purely by the arrival of
cathodic reactants on the macroscopic electrode surface, but is
enhanced by the current amplification effect described earlier.'?
Similar considerations may also apply to crevice corrosion, where
the local acidification and presence of chloride can promote the
disruption of the oxide film, resulting in direct exposure of the
underlying metal to the electrolyte, with consequent hydrogen
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evolution within the crevice and significant increase of the local
corrosion rate.

In addition to the hydrogen evolution at the active corrosion
front, an additional phenomenon, called ‘cathodic activation’, is
sometime observed on aluminium, magnesium and various other
metals, as recently systematically reported by Liu et al.>* Cathodic
activation is observed when the cathodic activity of corroded
regions is significantly higher than the cathodic activity of
uncorroded regions. The metal where this phenomenon is visually
more evident is magnesium, where the surface changes from
silvery, prior to corrosion, to dark, after corrosion, and on the dark
surface the hydrogen evolution clearly proceed at a higher rate
than on the silvery surface.™> 2" 3* Thus, when cathodic activation
takes place, the overall rate of hydrogen evolution at the free
corrosion potential increases since there is an increase in
hydrogen evolution occurring on the cathodically activated
corroded regions, which result in increased availability of anodic
current at the corrosion front which, in turn, results in further local
hydrogen evolution.'> 2" 23

Based on the previous considerations, it is clear that under-
standing the details of hydrogen evolution can provide insight
into the corrosion behaviour in simple and more complex alloys.
For aluminium, however, the experimental investigation at the
open circuit potential is not trivial since, during free corrosion, the
amount of hydrogen evolved is relatively low, and difficult to
measure directly. Consequently, for a fundamental study, it is
more convenient to measure hydrogen evolution during electro-
chemical polarisation.

Experimentally, hydrogen evolution can be measured by using
various methods, each with advantages and disadvantages,® '* 2" 23
but for the purpose of correlating electrochemical response with
hydrogen evolution, the gravimetric method 2'~* ° is preferred,
since it provides sufficient time and volume resolution and
requires only readily available and inexpensive equipment. The
method is based on the measurement of the weight of a
completely submerged container that collects the hydrogen
developed from the electrode (Fig. 1). By using the gravimetric
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Fig. 1 Schematic representation of the experimental setup for real-
time hydrogen measurement
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method it is possible to directly compare the electrical current
(anodic or cathodic) applied to the electrode, with the electrical
current associated with the measured hydrogen evolution. The
latter can be easily obtained by applying Faraday’s law to the
measured evolved hydrogen. Furthermore, with this methodol-
ogy, it is possible to measure the amount of hydrogen evolved
during polarisation, and also to examine the hydrogen evolution
transient after the external current is interrupted, in order to
evaluate directly the phenomenon of cathodic activation.

RESULTS

Figure 2 presents the behaviour recorded for high purity
aluminium (99.99 wt.%) and AA2024-T3 during potentiodynamic
polarisations and hydrogen evolution measurements. Since in
aerated conditions corrosion proceeds at the pitting potential for
both materials, upon anodic polarisation the current rapidly
increased to values above 0.1 mAcm™ due to the immediate
onset of stable pitting. At higher polarisations, the rate of increase
of current with applied potential decreased, indicating the onset
of Ohmic control. The behaviour of the current associated with
hydrogen evolution was closely similar to the electrical response,
with a faster increase for small polarisations, followed by a region
of less marked increase of current with applied potential. When
the anodic polarisation was interrupted (Fig. 3a), at 1V vs. SCE, a
very sharp decrease in the current associated with hydrogen
evolution was observed, with a drop from 0.2-0.3mAcm™ to
approximately one order of magnitude less. A similar overall
behaviour was observed for the AA2024-T3 alloy, with the only
major difference observed at the end of the polarisation
experiment (Figs. 2 and 3a). It is worth to mention that for the
practical alloy, when the anodic polarisation was interrupted, a
progressive decrease in the current associated with hydrogen
evolution was observed, rather than the sharp drop typical of pure
aluminium. In both cases, however, during anodic polarisation, the
current associated with hydrogen evolution was lower than the
current measured by the electrical circuit.

When performing cathodic polarisation on the two materials, a
markedly different behaviour was observed (Fig. 1). For pure
aluminium, during cathodic polarisation, the current measured by
the potentiostat was initially relatively low, due to the absence (or
very limited presence) of cathodically active intermetallics
supporting oxygen reduction. The current increased progressively
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Fig. 2 Potentiodynamic response of aluminium (black) and AA2024-
T3 (light-grey). Solid lines represent the current response measured
by the potentiostat, points represent the current associated with
hydrogen evolution measured by the gravimetric method
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from values of the order of to 107> mA cm™2, close to the corrosion
potential, to values in the region of 1072 mA cm™ for potentials
close to —1.6V vs. SCE, where macroscopic cathodic hydrogen
evolution become evident. With the onset of cathodic hydrogen
evolution, a sharp increase in the current measured by the
potentiostat was observed, together with a sharp increase in the
current associated with hydrogen evolution. Interestingly, at
potential more negative than —1.6V vs. SCE, once abundant
hydrogen evolution was initiated, the current associated with
hydrogen evolution was larger than the current measured by the
potentiostat. This indicates that together with Faradic hydrogen
evolution at potentials more negative than -1.6V vs. SCE,
additional processes occurred on the metal surface, and an excess
of hydrogen gas was produced with respect to the applied
cathodic current. Similarly to the case of anodic polarisation, when
the cathodic polarisation of aluminium was terminated, a sharp
decrease in current associated with hydrogen evolution was
observed (Fig. 3b), with the value of current approaching
immediately the background noise of the hydrogen detection
system.

Cathodic polarisation of the AA2024-T3 alloy (Fig. 2) revealed a
significantly different behaviour. In particular, the electrical
response showed a region of diffusion-limited oxygen reduction
that extended up to approximately —1.1V vs. SCE, where
abundant cathodic hydrogen evolution was onset. The fact that
the hydrogen measurement setup recorded a current that is
similar to the diffusion limited oxygen current is a coincidence,
consequence of the resolution limitation of the hydrogen
measurement device, and it is not a relevant finding deserving
further discussion. However, after the macroscopic cathodic
hydrogen evolution was initiated below —1.1V vs. SCE, similarly
to the case of pure aluminium, a sharp increase in both the
electrical current and in the current associated with the hydrogen
evolution was observed. The sharp increase in current density
occurs at potential less cathodic for the alloy compared to pure
aluminium, because the copper-rich, cathodically active, inter-
metallics present on the alloy surface require lower overpotential
than pure aluminium to support abundant hydrogen evolution. As
for pure aluminium, also for the alloy, the current associated with
hydrogen was larger than the cathodic current supplied by the
potentiostat, after macroscopic cathodic hydrogen evolution was
onset. Upon termination of the cathodic polarisation of the alloy
(Fig. 3b), a behaviour different from that observed in all the
previous cases was revealed; specifically, both a first sharp drop in
the current associated with hydrogen evolution was revealed,
followed by a long transient, when the hydrogen current
progressively decreased.

Summarising the findings, during anodic polarisation, super-
fluous hydrogen evolution was observed on pure aluminium and
on the alloy, with the main difference between the two materials
being the increased amount of hydrogen evolved from the alloy
and the long transient in the hydrogen current observed for the
alloy after the termination of the polarisation. During cathodic
polarisation, superfluous hydrogen evolution was also observed
on both materials, with the main difference being the potential
associated with the onset of hydrogen evolution (less cathodic for
AA2024-T3), the increased amount of hydrogen for the alloy, and
the longer transient in hydrogen current observed after the
interruption of the polarisation of the alloy. For both materials, the
absolute value of the current associated with hydrogen evolution
was lower than the electrical current during anodic polarisation
and higher during cathodic polarisation. In fact, during cathodic
polarisation, in an ideal case (or on Pt for instance), the electrical
and hydrogen current should coincide. Here, for the first time, it
was observed that also during cathodic polarisation of aluminium
superfluous hydrogen can be generated.
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Fig. 3 Time evolution of the absolute value of current associated with hydrogen evolution for aluminium (black) and AA2024-T3 (light-grey).
Solid lines represent the current response measured by the potentiostat during polarisation, points represent the current associated with
hydrogen evolution measured by the gravimetric method before, during and after polarisation; a anodic polarisation and b cathodic

polarisation
High pH
a b
Low pH, High CI- O
OH- 08 A 02 OH °g O 04
0 00 00 0 00 00
2 H,0 00 0 2 H,0 °ooo o o
N ¢ Hy OF aee] AR+ O H, \ ¢ HO0 A OA]3+°°° Ha
o o o
| o of | ® o |

Local hydrogen Local hydrogen

evolution current evolution current

Total ‘remote’ current

&

v

Current from cathodically A
active regions :

Local hydrogen Local hydrogen
evolution current tion current

evolu

External current (only during anodic polarization)

v
External current (only during cathodic polarization)

Fig. 4 Schematic representation of the processes inducing superfluous hydrogen evolution during a anodic polarisation and b cathodic

polarisation

DISCUSSION

When an anodic current is applied to an aluminium electrode in
the presence of depassivating conditions (for example chlorides),
the oxide film that naturally forms and protects the metal is locally
damaged. At the locations where the film is damaged, the solution
can come in contact with the metal and hydrogen evolution can
take place due to the large potential difference available between
aluminium oxidation and hydrogen evolution. It should be noted
that the macroscopic electrode potential does not reflect the
value of the potential at the locations where the film is ruptured,
since a large ohmic drop is introduced locally by the relatively
large current exiting the metal from a relatively small area. The
overall effect at the active site is a current amplifier, schematically
depicted in Fig. 4a, where the total current associated with metal
oxidation is the sum of the current that arrives to the corrosion
front from a remote location (external circuit or cathodically active
regions far from the corrosion front), and the cathodic current
generated locally by hydrogen evolution on the depassivated
regions. As a result, when the electrical anodic current is increased
such as during anodic potentiodynamic polarisation, the depassi-
vated area becomes larger, and an increase in current associated
with hydrogen evolution is observed (‘anodic’ superfluous

npj Materials Degradation (2017)

hydrogen evolution). The described model accounting for ‘anodic’
superfluous hydrogen evolution was introduced previously and
applies well to both aluminium and magnesium under a variety of
experimental conditions.'® 2% 23 28

In this work, for the first time, a similar process resulting in
superfluous hydrogen evolution has been also observed during
cathodic polarisation (‘cathodic’ superfluous hydrogen evolution).
During cathodic polarisation, initially, oxygen reduction occurs on
the electrode surface, with a kinetic dependent on the surface
properties and composition. When the cathodic potential required
for macroscopic hydrogen evolution is attained (circa —1.6V vs.
SCE for aluminium and -1.1V vs. SCE for AA2024-T3), the process
initiates and strong local alkalinisation nearby the cathodically
active regions occurs. Recalling the Pourbaix diagram of
aluminium, such alkalinisation can lead to the attack of the air-
formed oxide and, similarly to the case of anodic polarisation, to
the exposure of the metal to the electrolyte, as schematically
illustrated in Fig. 4b.

Once this happens, due to the large difference available
between the electrochemical potential of aluminium oxidation
and that of hydrogen evolution, the two phenomena both
progress at the activated sites. As a consequence, during cathodic
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Fig. 5 Schematic representation of the phenomena leading to
cathodic activation a after anodic polarisation and b after cathodic
polarisation. Dark particles represent the cathodically-active,
copper-rich second phases

polarisation, an excess of hydrogen compared to the current
applied is observed, together with some oxidation of aluminium. It
is evident that, comparing Figs. 4a and 4b, the model based on
surface film damage proposed for the ‘anodic’ superfluous
hydrogen evolution can be applied also to the ‘cathodic’ super-
fluous hydrogen evolution, with the difference that the direction
of the ‘remote’ current is inverted. The direct effect of the cathodic
‘remote’ current is to sustain directly hydrogen evolution, which
produces local alkalinisation. As a result of the alkalinisation the
oxide film becomes unstable and additional local hydrogen
evolution and aluminium oxidation are induced.

The effects of the presence of cathodically active elements
within the practical alloy can be considered by comparing the
anodic and cathodic responses of the AA2024-T3 alloy with the
responses of the high purity aluminium. During anodic polarisa-
tion, the presence of the more noble alloying elements in the alloy
only had a minor effect on the ratio between the applied anodic
current and the amount of current produced by hydrogen
evolution. In particular, for large values of polarisation, the ratio
between electrical current and hydrogen current was about 8 for
high purity aluminium and about 5 for the AA2024-T3. A similar
observation could be made during cathodic polarisation, where
for large values of polarisation the ratio between the electrical
current and the hydrogen current was 0.4-0.5 for high purity
aluminium, and in the region of 0.32-0.35 for the alloy. Thus, both
during anodic and cathodic polarisation, the presence of more
noble alloying elements compared to aluminium resulted in a
slightly increased tendency to hydrogen evolution, which is
compatible with the idea that once the oxide film is removed from
the surface, by either an anodic or cathodic process, the presence
of alloying elements with low overpotential for hydrogen
evolution within the aluminium matrix results in a slight increase
in the amount of superfluous hydrogen evolution. Additionally, it
should be noted that where hydrogen evolution takes place, the
local potential is always well below that associated with copper
oxidation. Thus, at the active corrosion front, metallic copper
enrichment can occur both by preferential oxidation of aluminium
and by local redeposition of copper ions present in the
environment.

By observing the transients in the current associated with
hydrogen evolution after the polarisation is interrupted, the effect
of alloying elements on cathodic activation can be rationalised.
For both anodic and cathodic polarisation of high purity
aluminium, after the external current is interrupted a sharp drop
of the current associated with hydrogen evolution close to the
detection limit values is observed. This result suggest that,
regardless of the mechanism inducing the superfluous hydrogen
evolution and the oxidation of aluminium (anodic or cathodic
polarisation), the increase in cathodic activity of the aluminium
surface is negligible, or at least below the detection limit of the
instrumentation used in this work. This can be rationalised by
considering that pure aluminium contains only a very low amount
of iron-rich intermetallics exposed to the electrolyte and, even if

Published in partnership with CSCP and USTB

Hydrogen evolution during Al corrosion
C Laurent et al.

npj

preferential oxidation of aluminium matrix occurs, the increase in
surface population of such intermetallics is not substantial.

Vice versa, significant cathodic activation is observed for the
copper-containing alloy. After termination of the anodic polarisa-
tion, it is evident from the fact that the current associated with
hydrogen evolution remains relatively high and exhibits a long
transient. This can be rationalised considering that the oxidation
occurring during anodic polarisation results in the accumulation of
cathodically active material on the alloy surface, such as exposed
second phase particles and copper-rich layer, together with the
formation of stable pits within the alloy as schematically depicted
in Fig. 5a. When the external polarisation is interrupted, stable pits
that are locally acidified are present on the surface, together with
cathodically active regions generated by selective oxidation of
aluminium. Thus, the cathodically active regions generate a
relatively large cathodic current (either by oxygen reduction or
hydrogen evolution), that maintains active the corrosion front,
where additional hydrogen is evolved. As time progresses, the
active corrosion sites generated during anodic polarisation have
to compete for the available ‘remote’ current produced on the
electrode surface. Once the remote current becomes limited, at
some sites, the alkalinisation from the hydrogen evolution will
dominate over the acidification due to the anodic reaction, and
passivity can be re-established. Thus some of the active sites stop
propagating, and a progressive reduction in current associated
with hydrogen evolution is observed.

More complex is the hydrogen evolution behaviour observed
after the termination of the cathodic polarisation. Here, the attack
of the aluminium matrix due to alkalinisation has occurred next to
the intermetallics (Fig. 5b), resulting in significant increase in their
surface population. As soon as the cathodic polarisation is
terminated, the current associated with hydrogen evolution
exhibits a sharp decrease. This can be rationalised considering
that the total value of hydrogen current measured is given by the
sum of i) the hydrogen current induced directly by the external
cathodic current, plus ii) the hydrogen resulting from the local
processes that are consequence of alkalinisation. When the
external polarisation is interrupted, the sharp decrease in the
measured hydrogen current is due to the fact that the first
contribution is instantaneously removed. Thus, after the termina-
tion of the polarisation, the residual hydrogen evolution is due to
the hydrogen evolving from the alkaline depassivated regions
(where aluminium oxidises), and from the (alkaline) cathodically
active regions, such as those with increased amount of exposed
second phase material, generated previously by selective oxida-
tion of the aluminium matrix. With time, some of the active anodic
sites will stabilise, sustained by the cathodic processes occurring
on the large amount of newly exposed intermetallics, initiating a
process similar to that described above after termination of anodic
polarisation. Overall, cathodic activation is not observed for pure
aluminium but it is observed for the copper-containing alloy, both
after anodic and cathodic polarisation. This indicates that
hydrogen evolution is more persistent in the presence of more
noble elements, regardless of the mechanism that has induced
film rupture and the preferential oxidation of the aluminium
matrix.

In summary, this work investigated the hydrogen evolution
behaviour of high purity aluminium and AA2024-T3 alloy during
anodic and cathodic polarisation. For the first time, superfluous
hydrogen evolution occurring during anodic polarisation was
quantified directly and, also for the first time, it was disclosed that
superfluous hydrogen evolution occurs also during cathodic
polarisation. Superfluous hydrogen evolution from both ‘anodic’
and ‘cathodic’ polarisation can be rationalised considering that, for
different reasons (i.e. pH alteration or dynamic changes in local
chloride concentration), the air formed film separating the metal
from the electrolyte is locally altered, damaged or absent. At such
locations, due to the large difference in potential between
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aluminium oxidation and hydrogen evolution, local hydrogen
evolution takes place, generating ‘superfluous’ hydrogen. Thus, the
damage or removal of surface film, regardless of the mechanism
that has induced it, can result in the generation of superfluous
hydrogen evolution. The presence of cathodically active alloying
elements within the alloy also facilitates hydrogen evolution
during both anodic and cathodic polarisation, and produces the
phenomenon of cathodic activation. The cathodic activation on
the AA2024-T3 alloy is evident as a significant rate of residual
hydrogen evolution after the polarisation (anodic or cathodic) has
been terminated, and was not observed for pure aluminium.

METHODS

Materials and reagents

Aluminium 99.99 wt.% and AA2024-T3 (nominal composition Cu 4.5-wt.%,
Mg 1.44 wt.%, Mn 0.60 wt.%, Si 0.06 wt.%, Fe 0.13 wt.%, Zn 0.02 wt.%, Ti
0.03 wt.%, Al balance) specimens were cut from 0.9 and 1.6 mm sheets
respectively. After cutting, they were degreased in acetone for 10 min and
stored in a desiccator until needed. Before testing, each specimen was
electrically connected to an insulated copper wire and masked with
beeswax, such as an area of 12 cm? was exposed to the test electrolyte.
The test electrolyte was prepared by adding 35g1™" of NaCl to deionised
water. Fresh solutions and new specimens were employed for each test.

Gravimetric method

In order to acquire real-time measurement of the hydrogen evolved during
potentiodynamic polarisation the gravimetric method was used. The
method, schematically depicted in Fig. 1, is described in detail elsewhere
21723 25 and only outlined briefly here. The electrode under study is
attached to a rigid rod, below a hydrogen collecting cylinder rigidly
connected to the same rod. The assembled electrode, rod and hydrogen
collecting cylinder form a single component that is immersed in the test
solution, such as the top of the hydrogen collecting cylinder is below the
solution surface. The non-immersed side of the rod is then attached to a
suspended laboratory balance, to record its weight, and the cable is
connected to the working electrode terminal of the potentiostat.
Immediately after immersion, the air present inside the hydrogen
collecting cylinder is removed by using a syringe and a curved plastic
tube, such as the cylinder is filled completely with the test solution. With
this setup, the hydrogen evolved from the electrode surface accumulates
in the collecting cylinder and a buoyancy force, acting on the rod
connected to the balance, is generated. Such buoyancy force modifies the
weight that is recorded by the balance. Consequently, by recording the
weight as a function of time it is possible to calculate a value of current
associated with hydrogen evolution by using Faraday'’s law.

Electrochemical measurements

Electrochemical measurements were performed by using a classical 3
electrode cell, with the aluminium or alloy specimen as working electrode,
a saturated calomel electrode as reference and a platinum counter
electrode. All measurements were performed at room temperature and in
stagnant solutions by using an lviumstat potentiostat and repeated a
minimum of three times. The reproducibility between measurements
conducted under nominally identical conditions was excellent, with curves
almost overlapping. The potentiodynamic polarisation measurements
were recorded after 1800s of free corrosion in the test solution. The
hydrogen measurement was initiated 300 s before the potentiodynamic
polarisation started. The balance used was a Mettler Toledo MS204TS.
Finally, all potentiodynamic polarisations were initiated at the free
corrosion potential and terminated at 1V vs. SCE (anodic) and -2V vs.
SCE (cathodic), and were performed at a scan rate of 0.5 mV s,
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