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a b s t r a c t

In Al–Mg–Si alloys, MgSi and Si precipitates are reported to activate corrosion processes. However, their
impact is not completely clear because only indirect studies on the influence of Mg and Si on corrosion
processes within Al–Mg–Si alloys are available. For this reason, a detailed electrochemical and composi-
tional characterization of MgSi precipitates in Al–Mg–Si during corrosion processes were performed in
this study. It was found that in 1 M NaCl solution, MgSi particles are selectively de-alloyed by Mg, the
process starting within the first few seconds and ceasing after about 20 min. The open circuit potential of
the whole surface is controlled by the active Mg dissolution within these 20 min. After de-alloying, the
MgSi remnant (Si-rich) is cathodic-active. The cathodic current density is raised by a factor of 3 due to the
presence of 0.6% surface fraction MgSi remnants. With regard to the anodic activity, it is seen that MgSi
remnants (hole with Si enrichment) do not change the pitting potential in electrochemical micro- and
Cathodic activity macro-cell experiments. Fe-containing intermetallics can be inactive for the first minutes of immersion
and then become active within about 40 min of exposure even though the mixed carbon, Al-oxide layer

ed.
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. Introduction

Al–Mg–Si alloys are widely used in outer panel applications.
heir characteristic properties of high specific stiffness, good
ormability, recycling potential and good corrosion resistance,
ogether with good weldability, make them superior candidates
or the transport sector, especially the automotive industry [1,2].
espite the decent corrosion resistance usually obtained in Al
lloys which are passive in the pH domain ranging from 3 to 8,
number of problems related to localized corrosion attack are

till observed [3–5]. In addition, as a result of the low solubility
imit of alloying elements intermetallics form, and these inhomo-
eneities play an important role in the local distribution and rate of
athodic and anodic reactions. For Al–Mg–Si alloys, intermetallics

nd grain boundaries are seen as the main anodic corrosion initia-
ion sites, and most intermetallics enhance the corrosion rate due
o their cathodic activity [5–11]. The main intermetallics present
n Al–Mg–Si alloys are Fe-containing intermetallics (noble com-
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ared to matrix) and MgSi precipitates (ambivalent electrochemical
ehavior).

The influence of cathodic activity on corrosion processes can
e revealed by removing all Fe-containing intermetallics from a
urface by chemical dissolution. As a result, the observed filiform
ttack, which is strongly related to local reactivity, slows signifi-
antly down as long as no new intermetallics from the bulk are
xposed to the solution. This decrease in the lateral corrosion prop-
gation rate under an organic coating correlates with significantly
educed cathodic activity [12]. Another way of quickly detecting
athodically active phases with high lateral resolution is to use a
Ce precipitation process”, which involves using cerium as a cor-
osion inhibitor. Concerning the inhibition mechanism offered by
erium, it is reported that an insulating cerium oxide/hydroxide
ayer precipitates from the solution at sites where the pH rises and
hus hinders further electrochemical reactions [13–16]. This pre-
ipitation mechanism is the result of the low solubility of Ce in
ater at high pH and the stability of different Ce oxidation states

ccording to potential and pH [17]. As a result of this precipita-

ion, cathodes are deactivated as soon as the reduction reaction
s sufficient enough to allow the pH to rise locally and Ce oxide
ecoration to occur. Care must be taken when using this method,
ecause enhancement of the cathodic activity due to Ce may also
ake place when electrochemical reduction of Ce4+ is involved in the

http://www.sciencedirect.com/science/journal/00134686
mailto:patrik.schmutz@empa.ch
dx.doi.org/10.1016/j.electacta.2008.05.078
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Table 1
The composition of AA6111 measured by optical emission spectroscopy

wt% AA6111
Mg 0.61
Si 0.80
Fe 0.26
Mn 0.21
C
C
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rocess [18]. Nevertheless, this method for the detection of cathodic
ites provides the unique possibility of fast mapping and reactiv-
ty assessment of single intermetallics in a realistic environment.
urthermore, the interfacial composition underneath the Ce precip-
tates of the cathodically active sites can be analyzed subsequently
y surface analytical techniques.

The anodic activity of Fe-containing intermetallics is reported
o be low in Al–Mg–Si alloys because they are often cathodically
olarized and protected when they are exposed to conducting
lectrolytes. The sometimes observed de-alloying of these inter-
etallics [7,19,20] could be the result of chemical dissolution

t high pH. Besides the influence of Fe-containing intermetallics
oming directly from the melt, the influence of MgSi present as
hardening phase in different amounts and size depending on

he heat treatment [21,22] has to be considered in the Al–Mg–Si
lloy corrosion process. Detailed investigations of the corrosion
ehavior of MgSi particles have only been published recently
23–26]. In general it is reported that excess Si (leading to more

gSi precipitation), added in Al–Mg–Si alloys mainly to obtain
igher mechanical strength, leads to higher intergranular corro-
ion susceptibility. However, high Mg content reduces corrosion
ropagation susceptibility but is simultaneously detrimental to
ormability, extrudability and strength [27,28]. The MgSi parti-
les show, for different aluminium alloys, active anodic dissolution
f Mg within seconds after immersion in aggressive chloride-
ontaining solutions [23–25]. The initial open circuit potential
easured on MgSi is about −1.5 V vs. SCE in NaCl solutions, while
potential up to −0.7 V is also reported for the same compound

fter longer immersion times [26]. On the impact of the MgSi mor-
hology on corrosion, Mol et al. found that the presence of coarse
gSi decreases susceptibility to filiform attack compared to alloys
ith only �′ (semicoherent precursor of MgSi) precipitates [29].
egarding the impact of MgSi on in-depth corrosion propagation,
ontradictory results are found in literature. Yasakau et al. [25] do
ot observe deep localized corrosion associated with MgSi parti-
les, while Guillaumin and Mankowski [7] reported deep growing
ttack for MgSi particles. As to the anodic dissolution behavior of
hese particles, Wloka and Virtanen [30] and Eckermann et al. [31]
lso did not report MgSi as a preferential initiation site for deep
enetrating corrosion attack. One of the major issues here involves
clear definition of localized attack and the separation between

he mechanism of MgSi intermetallics dissolution and in-depth
ropagation of the resulting pits.

Besides characterization of the anodic MgSi dissolution mecha-
ism at the outset of aggressive solution exposure, not many results
n the activity of the Si remnant have been published so far. Si is
eported to have an open circuit potential of −0.17 V [26], which is
ore noble than the open circuit potential of aluminium. Mizumo

t al. [24] stated that no electrochemical activity on Si precipitates
akes place. They claimed that SiO forms above the Si inclusions and,
epending on the nature of the oxide, can prevent cathodic reac-
ion. As opposed to results on cathodic activity of the Si-containing
ntermetallics, Si precipitation and the resulting depleted zones at
rain boundaries are reported to enhance intergranular corrosion
usceptibility [32] even though overall Si amount in a binary Al–Si
lloy has little effect on filiform corrosion, which is related to the
athodic activity of the Al alloy surface [6].

In this work, the influence of MgSi particles on the corrosion
ehavior of Al–Mg–Si alloys is studied in detail to assess the impor-
ance of this phase on the corrosion process. The reactivity of

e-containing intermetallics is also mapped and compared to the
ctivity of MgSi particles. To clarify the role of MgSi particles in
orrosion initiation or propagation, the activity of the MgSi parti-
le was monitored during its de-alloying process. In particular, the
nfluence on corrosion processes of the de-alloyed MgSi remnant

a
C
u
c
c

u 0.70
r 0.02

l balanced to 100%.

which is sometimes incorrectly reported as stable localized corro-
ion) is considered with respect to cathodic activity and related to
ts effect as a pit initiation site.

. Experimental

All specimens were prepared from a commercial alloy AA6111
f the composition listed in Table 1, where Al is balanced to 100%.

The AA6111 sheet material was solution heat-treated for 15 min
t 540 ◦C and water-quenched. Afterwards it was held at 350 ◦C
or 15 h and 111 h, respectively, to create a condition, where a high
mount of Mg2Si particles can be obtained. Besides the MgSi pre-
ipitates, the alloy AA6111 contains Al–Fe–Mn–Si intermetallics
21,22] which are mainly cubic � (Al15(Fe, Mn)3Si2) and monoclinic

(Al5FeSi) phase.
The distribution of Fe-containing intermetallics and the MgSi

articles is shown in Fig. 1 for two different heat treatments. In
ig. 1a, a tomogram of a naturally aged specimen (T4 condition) is
hown to illustrate the change in the microstructure resulting from
he heat treatment applied in this work (350 ◦C 15 h, Fig. 1b).

The white areas in the grey Al matrix are Fe-containing inter-
etallics. The black areas represent low X-ray-absorbing MgSi

articles. With the data obtained from X-ray microtomography, a
olume fraction and surface area fraction of 0.6 ± 0.08% MgSi parti-
les was measured for the specimen heat-treated at 350 ◦C for 15 h
Fig. 1b). In contrast to the high amount of MgSi particles for the
igh-temperature heat treatment (Fig. 1b) only a few MgSi particles
re visible in T4 condition (Fig. 1a).

The advantage of using X-ray microtomography for microstrucu-
ral analysis is that all artifacts related to sample preparation can
e avoided. The information is obtained in the bulk of the material
nd the reactivity of the MgSi in contact with polishing solution
s not an issue. In addition, three-dimensional information on the

icrostructure and particle distribution can be gathered.
Specimens were cut out of the sheets with a band saw and

echanically ground with SiC paper in successive steps up to
000 grid. The specimens were polished further with 3 �m, 1 �m
nd with a 0.25-�m diamond paste finish. All steps in grinding
nd polishing were performed in ethanol to minimize dissolution
ccurring as a result of water exposure.

The cerium-containing solution exposure experiments for
nvestigation of local cathodic activity were performed in 1 M NaCl
olution with the addition of 10 mM CeCl3.

Fig. 2 shows a solubility diagram of Ce in different oxidation
tates as a function of pH.

For the experiments presented in this paper, the Ce concentra-
ion was adjusted so that first precipitation occurred within the pH
ange where aluminum oxide is stable. The use of this pH thresh-
ld allowed detection of activity before the occurrence of trenching

nd chemical dissolution of Al around intermetallics. A measured
e signal on a surface corresponds to locations where high pH val-
es (>8) are present. In general, a high pH value is generated where
athodic activity is occurring, and therefore the Ce signal can be
orrelated with local cathodic activity. There are some exceptions,



846 F. Eckermann et al. / Electrochimic

F
s
c
a

e
d

t
i
a
“
t

a
2
d
i
a

p
M
o
1
r
a
M

t
w
P
i
s
u
T
t

u
i
T
s
e
t
m
r
o
w

1
t
m
o
s
c
fl
s

3

3
i

tivity of the alloy AA6111 surface as a function of different surface
conditions and solution exposure is presented.

In Fig. 3, SEM images of a freshly polished surface of aluminium
alloy AA6111 (heat-treated for 15 h at 350 ◦C) and subsequently
exposed to 1 M NaCl for various times is shown. The sequence of
ig. 1. Alloy AA6111 microstructure obtained from X-ray microtomography mea-
urements. The grey region represents the aluminium matrix. (a) Sample in T4
ondition (held at room temperature for several weeks); (b) sample heat-treated
t 350 ◦C for 15 h, with detectable MgSi.

specially related to Mg dissolution, and these will be discussed
uring the presentation of the experimental results.

All specimens were exposed for 12 min to 1 M NaCl solution with
he addition of 10 mM CeCl3 solution. In this paper, specimens left
n contact with controlled laboratory air (43% RH, 23 ◦C) for 1 h
fter polishing and before immersion in the Ce solution are called
aged”. Specimens immersed in 1 M NaCl solution for 30 min prior
o cerium salt addition are referred to as “precorroded”.

The microstructure and Ce precipitation were investigated using
n electron probe microanalysis system (EPMA) operating with a
0 kV and 20 nA electron beam and equipped with 4 wavelength
ispersive X-ray detectors (JEOL JXA-8800RL). Secondary electron

mages, Si, Fe, Mg, and Ce maps were measured averaging over an
cquisition time of 500 ms/pixel.

Auger electron spectroscopy (AES) surface characterization was
erformed using a PerkinElmer PHI Model 4300 Scanning Auger
icroprobe equipped with a CMA analyzer (energy resolution �E/E
f 0.6%). For all Auger measurements, an electron beam current of
00 nA at a voltage of 5 kV and an incidence angle of 48 ± 6◦ with
espect to the surface was used. All elements were detected and
nalyzed using their main KLL peak, except for Ce, where the main
NN peak was used. The atomic percentage was calculated using

F
t

a Acta 54 (2008) 844–855

he peak-to-peak amplitude of the differentiated signal corrected
ith the relative sensitivity factors obtained from the PerkinElmer

HI Handbook [33]. For sputter depth profile measurements, argon
ons (energy = 4.5 kV, current = 85 nA) were used in an alternating
puttering/acquisition mode. A sputter time of 9 s per cycle was
sed, which corresponds to the removal of a surface layer of 4.5 nm
a2O5 equivalent per cycle. After each sputter cycle, acquisition of
he specific Auger spectra of the different elements was performed.

For the electrochemical experiments, a three electrodes cell was
sed with a standard calomel (SCE) reference electrode inserted

nto a Haber–Luggin capillary and a platinum counter electrode.
he sample was exposed to the solution through an opening in the
ide of a polymethylmethacrylate (PMMA) cell, yielding a working
lectrode surface area of 1 cm2. Sealing to prevent loss of solu-
ion was achieved using an O-ring of natural butadiene rubber. The

acroscopic potentiodynamic polarization experiments were car-
ied out in 1 M NaCl. The sample surface was immersed for 30 min at
pen circuit condition and the potential was subsequently scanned
ith a sweep rate of 1 mV/s.

The electrochemical micro-cell experiments were performed in
M NaCl with 30 min exposure to solution at open circuit condi-

ion followed by the same 1 mV/s polarization rate as used in the
acroscopic experiments. A pulled glass capillary with a diameter

f 80 �m filled with electrolyte was placed on selected areas of the
urface to perform the electrochemical characterization. A silicone
oating on the tip of the capillary prevented the electrolyte from
owing out. A detailed description of the microscopic experimental
etup can be found in a paper by Suter and Boehni [34].

. Results and discussion

.1. Overview of local reactivity of a polished surface and
nfluence of air aging

In the first section of this paper, an overview of the local reac-
ig. 2. Solubility of different Ce species in water as a function of pH. The Ce concen-
ration used for the experiments is indicated by a line [14,17].
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ig. 3. SEM images of a freshly polished surface of AA6111 alloy (heat-treated at 35
c) 30 min.

he different exposure times show the evolution in ponderosity and
orphology of corrosion at MgSi- and Fe-containing intermetallics,

nd gives an overview of the localized corrosion processes occur-
ing. The heat treatment conditions were chosen to obtain a large
umber of micrometer range MgSi precipitates. On the SEM image

n Fig. 3a, taken before the surface was exposed to solution, the
lack areas represent MgSi particles while the bright areas are Fe-
ontaining intermetallics.

After 10 min immersion, all MgSi particles were attacked
Fig. 3b). It can be seen that small precipitates (submicrometer
ange) are also corroded. These small precipitates are not detectable
n the uncorroded state in a SEM image due to their submicrometer
ize.

After 30 min of NaCl solution exposure, significant trenching
round the Fe-containing intermetallics and extensive corrosion of
ll MgSi particles is observed (Fig. 3c). These observations already
oint to the fact that MgSi precipitates are quickly anodically active
egardless of size, in contrast to Fe-containing intermetallics, which
ay be cathodically active only after several minutes.
Anodic dissolving sites are simple to detect, but in order to

ap cathodically active sites and characterize the lateral distri-
ution of active surface areas, a Ce detection method was applied

s described in the experimental section. In this procedure, high
H areas on the surface are decorated with Ce, revealing cathod-

cally active sites. The Ce concentration was adjusted such that
he first precipitation occurred within the pH range of stable alu-

inium oxide (pH around 8). This procedure allowed detection of

A
t
t
p
F

r 15 h) after various periods of exposure to 1 M NaCl: (a) no exposure; (b) 10 min;

ocal surface activity before trenching and chemical dissolution of
l occurred. It was thus possible to characterize the local cathodic
eactivity responsible for the initial state of corrosion.

Fig. 4 presents EPMA mappings of a surface exposed for 12 min
o a 1-M NaCl solution containing 10 mM CeCl3. The surface in
aged” condition, i.e., hold for 1 h in controlled laboratory air prior
o immersion, which caused the modification of the oxide layer and
formation of a thin contamination layer from lab air on the sur-

ace. This aging condition was considered in order to investigate
he influence of the oxide layer on the local activity of the surface.

In Fig. 4a, Fe-containing intermetallics (bright areas) and cor-
oded MgSi (dark areas) can be seen on the secondary electron
mage. Deposition of Ce (Fig. 4b) does not coincide with the location
f Fe-containing intermetallics for this aging condition (Fig. 4e), and
t can therefore be assumed that Fe-containing intermetallics are
ot cathodically active within the first 12 min of solution exposure

n an air-aged surface.
The Si signal mapping (Fig. 4d) also cannot be correlated with

he Ce signal if the Si signal coincides with a Fe signal indicating the
resence of Fe-containing intermetallics. It is only when a Si signal
oincides with an Mg signal that the Ce peak is visible, and there-
ore when corrosion activity of MgSi particles can be concluded.

s a result of this observation it may be stated with certainty that

he initial dissolution rate of MgSi particles is not directly related
o the cathodic activity of the Fe-containing intermetallics. MgSi
articles have started to corrode even if the cathodic activity of the
e-containing particles is still low. This mechanism was predictable
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ig. 4. EPMA mapping of an “aged” (1 h at laboratory air) surface immersed in 10 m

ecause of the very active nature of the MgSi particles, but has never
efore been shown so clearly.

The presence of a Ce peak at MgSi locations also provides
mportant new information concerning the pH evolution and local
lkalinization occurring on the MgSi particles. Since Ce only pre-
ipitates at pH values above 8, the pH evolution at MgSi particles
ontrasts totally with the acidic environment needed for stable
ocalized attack propagation. High pH will also provoke Al disso-
ution, but the hydrolysis and hydronium reduction provoked by
l ions will decrease the local high pH and reduce the Al dissolu-

ion rate within the pit such that no stable pit growth can develop
nd repassivation is likely. The exact mechanism inducing this high
H on actively corroding MgSi particles is not yet clear, but two
ypotheses can be formulated. The first is that a high pH is the result
f the active dissolution of Mg and the important hydrogen reduc-
ion rate occurring at the low potential present on MgSi surfaces
35]. The second, if we refer only to the Ce deposition experiments,

ay be that the cathodic activity of Si remnants after/during Mg
issolution is significant enough to allow a pH increase.

For this surface ageing condition, as already mentioned, it is
nteresting to note that cathodic Fe-containing intermetallics are
ot significantly active at the outset of solution exposure. This

mplies that the dissolution of the MgSi particles which are found
n this study to be active within seconds can play a dominant role
n the initial phase of the corrosion process. This phenomenon is

specially critical as the particles are mainly aligned at grain bound-
ries (Figs. 4c and 5c, d) and could initiate intergranular attack. The
irect observation of heavily reduced activation of Fe-containing

ntermetallics for short immersion times (first 12 min) has not, to
he author’s knowledge, been reported in literature.

o
o
c
n
C

l3 + 1 M NaCl for 12 min. (a) SEM image; (b–e) Ce, Mg, Si, Fe element distribution.

In order to investigate in more detail the different reactivity
f Fe-containing intermetallics and MgSi particles, the specimens
ere precorroded after the 1 h air aging of the surface. Fig. 5
resents element maps of a specimen surface immersed for 12 min

n a Ce-containing 1 M NaCl solution after precorrosion. Due to
onger immersion (30 min precorrosion in 1 M NaCl) of the AA6111
urface before adding Ce to the solution (additional 12 min in
aCl + Ce solution), the Fe-containing intermetallics (bright fea-

ures in Fig. 5a) are decorated with Ce and in this way cathodic
ctivity is detected. This active behavior contrasts with the passive
ehavior of Fe-containing intermetallics, which are not precor-
oded, as shown in Fig. 4. The observed Ce on the surface of
athodically active particles may be the result of either a transition
n cathodic activity between 12 min and 42(30 + 12) min of immer-
ion, or an integration effect of a low cathodic reaction rate (steady
tate is reached after long periods). The MgSi particles (dark areas
n Fig. 5a) are again attacked and decorated with Ce. The precorro-
ion experiment allowed Mg to dissolve quickly at the beginning,
eaving a Si-rich remnant before Ce deposition. The fact that Ce is
eposited on these Si remnants opens the question of the cathodic
eactivity of the silicon.

One drawback of the EPMA method should be mentioned here.
ue to the analyzed depth in the micrometer range, elements and

herefore particles present below the surface can also be detected.
or example, in Fig. 5c and d, MgSi particles are detected with-

ut the presence of a corresponding Ce signal; they are also not
bserved in the secondary electrons image (Fig. 5a). These parti-
les are therefore assumed to be located below the surface and
ot exposed to solution, and hence also show no corrosion. The
e detection experiment was initially designed to characterize Ce
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explicitly shown in Fig. 6 is the separation between aluminium
oxide present in the Ce layer and metallic Al peaks present in the
bulk region. Fig. 7 shows two exemplary spectra from the surface
region (18 nm below the surface) and of the bulk metallic region
ig. 5. Electron microprobe mapping of a precorroded (1 h at air, 30 min in 1 M NaC
i, Fe element distribution.

s an corrosion inhibitor [14], but the experimental results shown
ere revealed that there is much more information to be obtained
his way on cathode distribution and even on anodically dissolving
articles.

.1.1. Surface composition and reactivity of Fe-containing
ntermetallics

To explain the change in the activity of Fe-containing inter-
etallics, the outermost surface enabling enhanced local activity

the distribution of these sites is easily mapped with EPMA) needs
o be characterized. For the investigation of small surface areas with
igh surface sensitivity, AES analysis has to be performed. Fig. 6
hows an AES depth profile of a Fe-containing intermetallic after
recorrosion in 1 M NaCl for 30 min followed by addition of 10 mM
eCl3 exposed for additional 12 min.

It can be seen that the Ce layer is about 30-nm thick and is cor-
elated with the oxygen peak. Furthermore after about 40 nm, the
e peak shows up. This marks the bulk intermetallic particle. An
ncreased amount of carbon is present at the interface between the
e layer and the alloy. This indicates that the Al-oxide and con-
aminations on the surface are not completely removed before Ce
eposition occurs.

The observed increase in activity of the Fe-containing inter-
etallics as a function of solution exposure time demonstrates
hat the naturally formed oxide layer is a kinetic barrier. However,
s shown in Fig. 6 where an aluminium oxide signal is detected
ogether with a Ce signal in the Ce deposit, for cathodically active
e-containing intermetallics, the AES depth profile indicates that it
s not necessary to remove the whole surface oxide layer to obtain

F
i
C

face immersed in 10 mM CeCl3 + 1 M NaCl for 12 min. (a) SEM image; (b–e) Ce, Mg,

ignificant cathodic activity. A carbon layer underneath the Ce sig-
al also indicates that a pH rise (=cathodic activity) took place
efore complete dissolution of the air-formed surface layer. Not
ig. 6. Auger electron spectroscopy (AES) depth profile acquired on a Fe-containing
ntermetallic after precorrosion in 1 M NaCl for 30 min followed by addition of 10 mM
eCl3 exposed and additional exposure of 12 min.
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81 nm below the surface). The oxidized Al peak position is clearly
hifted by �E = 3 eV compared to the metal peak position in the bulk
f the intermetallics (Fig. 7). From this result, it can be assumed that
l oxide is present in the whole mixed layer.

Because the MgSi particles are, in opposite to the Fe-containing
ntermetallics, in all conditions immediately active, the electro-
hemical behavior of MgSi was further investigated. This allows
stimation of the influence of MgSi precipitates on the corrosion
rocess in the first minutes before Fe-containing intermetallics are
ctive.

As previously mentioned, one unanswered question remains as
o what corrosion mechanism causes the pH to increase in MgSi
articles and whether MgSi particles can, after initial dissolution,
ct as cathodic or anodic sites during the corrosion process. In the
ollowing sections electrochemical data regarding the evolution of
he open circuit potential and the anodic and cathodic behavior are
iven to clarify these questions.

.2. Corrosion mechanism of MgSi particles at open circuit
otential

A combination of open circuit potential measurements and
urface analysis can be used to characterize the effect on the corro-
ion process of exposure-time-related surface modification. It is of
ourse difficult to estimate cathodic or anodic reaction rates with
hese data alone, but hypotheses on the surface reactivity can be
ormulated.

In a first step, a detailed AES investigation of the modification
xperienced by the MgSi particles surface after various immersion
onditions was performed. Fig. 8 shows AES depth profiles mea-
ured on MgSi. An “as polished” surface was first characterized
Fig. 8a) and a distinct Mg depletion in the surface oxide can be
bserved. This Mg depletion was obviously provoked by the polish-
ng procedure, even though ethanol was used instead of water. The
nfluence of different surface preparations of Al–Mg–Si alloys on
he surface composition is presented elsewhere [36]. Fig. 8b shows
he AES depth profile performed on an MgSi particle after immer-
ion in 1 M NaCl with 10 mM CeCl3 for 12 min. The Mg depletion is
eeper than the sputtered 0.1 �m and silicon oxide is present on
he surface underneath the Ce precipitate.
A further advantage of decorating the particle surface with Ce
n solution is that it protects the underlying particles from modifi-
ation upon subsequent air exposure. It may be concluded that the
i surface is oxidized in solution and that the reactivity of silicon
xide needs to be taken into account. Silicon is also present directly

ig. 7. AES spectra of metallic and oxidized Al peak. One curve corresponds to the
pectra acquired after 18 nm sputter depth (oxidized). The other curve is from a
pectrum after 81 nm sputter depth (metallic).
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ig. 8. Auger electron spectroscopy depth profile of MgSi particle. (a) Before immer-
ion; (b) after immersion in 1 M NaCl + 10 mM CeCl3 for 12 min.

t the surface, but the exact composition of the layer is difficult to
ssess because the mixing of the two signals may be the result of a
orous Si remnant (as observed by other authors for Cu remnants
esulting from the corrosion of Al–Cu–Mg particles [37]).

In addition to “near” surface characterization with AES depth
rofiles, quantitative EPMA measurements were performed to ana-

yze the in-depth extent of de-alloying. Table 2 presents the Mg/Si
t% ratio and the wt% values for measurements on MgSi and matrix

efore and after corrosion (30 min in 1 M NaCl). For the matrix it

an be seen that Mg does not significantly dissolve, as the ratio with
i changes only slightly. The overall low Mg content in the matrix
s caused by the heat treatment.

For MgSi particles a significant depletion of Mg is observable
s a result of the corrosion process. The Si content does not change

able 2
g and Si content of the AA611 alloys measured quantitatively by EPMA on corroded

nd uncorroded surfaces

Mg/Si ratio Mg (wt%) Si (wt%)

gSi
Corroded 0.5 10.22 18.30
Uncorroded 0.9 19.50 21.50

atrix
Corroded 0.4 0.09 0.23
Uncorroded 0.6 0.13 0.23
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Fig. 9. Macroscopic OCP vs. time measurements on a surface in the T4 condition
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Fig. 10. Electrochemical micro-cell measurements with 1 M NaCl. Capillary diame-
ter 80 �m. (a) The OCP evolution as a function of exposure time for a measurement
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nd heat-treated to obtain a high surface fraction of MgSi particles. (a) A starting
CP of −1.5 V is observed, rising to a stable potential of −700 mV. (b) Zoomed area

o visualize the OCP difference in the stable potential region.

uch, while almost 50% of the Mg content in MgSi dissolves during
orrosion. Thus the change in the Mg/Si ratio is mainly driven by
he Mg dissolution.

The Mg/Si ratio for uncorroded MgSi is expected to be 1.72
Mg/Si ratio for Mg2Si) instead of the value of 1.2 presented in
able 2. This difference is mainly a result of the electron-activated
olume (X-rays can travel through more than 3 �m in depth for light
etals), which can be larger than the MgSi particles. As the Mg/Si

atio is 0.4 in the matrix and 1.72 in the MgSi particles, the Mg/Si
atio will be modified depending on the volume fraction of matrix
n the measured volume. Based on these assumptions, the ratio of
.2 corresponds to a Mg2Si particle content of the activated vol-
me of 60 vol%. Further possible reasons for the difference in Mg/Si
atio may be depletion of Mg due to polishing, and the presence of
articles with non-stoichiometric composition.

The data presented so far clearly indicate that Mg dissolution
akes place during exposure. To monitor this de-alloying process
f the surface (already shown ex situ after long exposure times),
he open circuit potential (OCP) was recorded as a function of the
mmersion time of an aged surface (Fig. 9). For comparison, the OCP
f a non-heat-treated specimen in the T4 condition was also mea-
ured assuming that only minimal MgSi precipitation had taken
lace in this temper.

The surface, with very little visible MgSi precipitation and a
imilar amount of Fe-containing intermetallics on the surface (T4
ondition), reveals a stable OCP during exposure time compared to
he heat-treated specimen (Fig. 9a). The stable OCP is about 20 mV

igher than the stable OCP of the heat-treated specimen (Fig. 9b). As
fter 30 min of immersion, some Mg still remains in the MgSi par-
icles; the slightly lower potential for the heat-treated alloy can be
ttributed to an ongoing minor dissolution of Mg (Table 2). For the

t
c
n
p

ncluding MgSi and excluding MgSi. (b) SEM image of a surface after stopping
he experiment before the OCP reaches a stable level. The MgSi has already been
ttacked.

eat-treated specimen, a large surface fraction of MgSi is present
0.6 vol%). Therefore the macroscopic OCP in the beginning seems to
e controlled by the Mg dissolution. This assumption is supported
y the following arguments: (a) the initial OCP is about −1.38 V vs.
CE (Fig. 9a), which is close to the OCP reported for synthesized
g2Si by Buchheit [26,38]; (b) activation due to trace elements is

ot possible as the specimen is polished after heat treatment [39];
c) a similar effect was measured by Wloka and Virtanen [30] in a
ifferent alloy.

To prove that the low starting OCP is induced by active Mg dis-
olution, additional electrochemical micro-cell (eMC) experiments
ere performed. The main advantage of the local micro-cell experi-
ents is an exact correlation between electrochemical information

in this case OCP) and microstructural features. Fig. 10a shows the
volution of the OCP of an eMC measurement, including a large
mount of MgSi and also matrix and Fe-intermetallics. The micro-
ell experiment on an area including MgSi was stopped after 22 s to
nalyze the surface change before stable OCP is reached. It can be
een that the MgSi particles have already been attacked (Fig. 10b)
nd that therefore the rise in OCP can be attributed to the Mg dis-
olution. The attack on MgSi within seconds was also reported by
asakau et al. [25] in AA5xxx alloys. However, the rise in the OCP is
ery fast compared to the macroscopic OCP measurements. There
re two reasons for this: (a) due to the shape of the capillaries hemi-
pherical diffusion can take place. Higher dissolution rates of Mg are

herefore to be expected; (b) the OCP in an electrochemical micro-
ell experiment is influenced by single inclusions and therefore
o statistical distribution of the initiation time of the dissolution
rocess can be expected in single measurements.
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Fig. 11. Comparison of macroscopic anodic potentiodynamic polarization measure-
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Fig. 12. Electrochemical micro-cell measurement on a surface containing MgSi. (a)
C
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potentiodynamic polarization curve and the corresponding SEM
image of the surface. Before the polarization experiment the surface
was held for 30 min at OCP.
ents on a surface for two alloy microstructures: (i) in the T4 condition and (ii)
eat-treated at 350 ◦C for 111 h to obtain a high surface fraction of MgSi particles.
o preferential pitting susceptibility for the MgSi.

It can additionally be seen that the OCP of an area which includes
nly Fe intermetallics (called “MgSi free”; still measured on the
ame specimen as the measurement on the MgSi-containing area)
ehaves similarly to the macroscopic measurements in the T4 con-
ition. This series of experiments proves that the presence of MgSi

s the cause of the low initial OCP, and that Mg dissolution triggers
he fast rise of the OCP at the beginning of exposure. Areas excluding

gSi particles seem to behave similarly in terms of OCP evolution
or both conditions (T4 and heat-treated).

In summary, it was found for the open circuit behavior of
gSi particles that Mg starts to dissolve immediately, reaching a

table situation after 20 min when macroscopic OCP characteriza-
ions are performed. The open circuit potential at the beginning of
mmersion is controlled by the active dissolution of Mg. Cathodic
olarization of Al during the first few minutes is therefore to be
xpected. At the time where the open circuit potential reaches a
table plateau, Fe-containing intermetallics become cathodically
ctive. However, even after characterization of the Mg dissolution
rocess and the MgSi remnant, the role of this remnant in the local-

zed corrosion process is still unclear. In the further investigation
tep, potentiodynamic polarization experiments were performed,
n order to estimate the role of MgSi remnants as anodic and
athodic sites.

.3. Influence of MgSi particle remnants on anodic behavior

In the case of Al alloys, measuring the anodic electrochemical
ehavior of a surface reveals initiation sites and resistance against

ocalized corrosion. In this section, MgSi precipitates are analyzed
ith respect to their susceptibility and importance as localized

orrosion initiation sites after de-alloying. In this context, there
s often confusion in the literature between pure de-alloying pro-
esses which occur in intermetallic particles and in depth localized
orrosion propagation. Those two processes are often unrelated.

Fig. 11 presents the anodic potentiodynamic polarization curves
or an alloy in T4 condition (small number of MgSi precipitates),
eat-treated at 350 ◦C for 111 h to obtain a large surface fraction of
gSi precipitates. Before polarization, the surfaces were immersed

n 1 M NaCl solution for 30 min. During this immersion time, MgSi
articles are de-alloyed and Si remnants are present on the surface.

The pitting potential (potential where a strong current increase
s recorded after passive behavior) is for both heat treatments (with
nd without a large number of MgSi particles) in the same range of
665 mV vs. SCE. Therefore MgSi particles are not seen as prefer-

ntial sites for localized corrosion initiation after de-alloying. This
ccords with previous work [30,31] but contradicts the findings of
ankowski, where a preferential initiation for deep attack at MgSi
as reported from interferometry and surface examination [7,40].

F
f
f
p
t

urrent density vs. applied potential (vs. SCE). (b) Corresponding surface after the
olarization experiment. The onset of localized corrosion cannot be attributed to
gSi.

To observe single selected initiation sites, electrochemical
icro-cell measurements were also performed. The advantage of

sing this local electrochemical method is as already mentioned,
hat single corrosion events can be correlated with microstructural
eatures and selected areas can be measured. Fig. 12 shows the
ig. 13. Macroscopic cathodic potentiodynamic polarization measurement of a sur-
ace in the T4 condition and heat-treated at 350 ◦C for 111 h to obtain a high surface
raction of MgSi particles. The surfaces were exposed to 1 M NaCl for 30 min before
olarization. The surface of the T4 condition shows a lower cathodic current density
han that with a high MgSi density.
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ig. 14. Electrochemical micro-cell measurements on an area including: (a) MgSi;
he areas seen in (a) and (b) plus an area on a specimen in T4 temper (small amoun

In the micro-cell measurement, the pitting potential is higher
han in the macroscopic measurement. This frequently observed
ncrease is related to the fact that a smaller measurement area
ncludes less highly susceptible initiation site [21,41]. The corrosion
tarted in the middle of the area exposed by the capillary (IGC type)
nd the previously de-alloyed MgSi particles show no evidence of
cting as further corrosion propagation sites (Fig. 12b).

From these measurements it is clear that the microscopic MgSi
emnants are not preferred anodic initiation sites and therefore
ave only a minor influence on the corrosion propagation phenom-
na. The absence of corrosion propagation at the MgSi remnants is
lso supported by the fact that a high local pH is measured, which
n some way hinders stable pit growth conditions.

Whether this pH raise is only due to Mg dissolution and there-
ore stops after about 20 min (as described in Fig. 10) or whether it
ontinues depends on the cathodic activity of the MgSi remnant.
n the following section cathodic potentiodynamic polarization
urves are therefore measured to characterize the cathodic reac-
ivity of MgSi remnants.

.4. Influence of MgSi particle remnants on cathodic activity

In this section, the influence of de-alloyed MgSi precipitates on
athodic electrochemical activity is discussed. This issue is espe-

ially interesting, as Fe-containing intermetallics do not contribute
o the oxygen reduction rate at the outset of the corrosion process
hen the surface is aged in air. The cathodic activity of MgSi rem-
ants is also of interest because of the high local pH observed above
gSi particles.

a
t
c
[
d

ly matrix; (c) comparison of the cathodic potentiodynamic polarization curves of
gSi). The potentials are given relative to the OCP for better comparison.

Fig. 13 provides the cathodic potentiodynamic polarization
urves of the alloy in the T4 condition and heat-treated at 350 ◦C for
11 h. The surfaces were immersed in 1 M NaCl for 30 min before
he polarization began. It can be observed that the surface with the
igh MgSi surface fraction has a current density about three times
igher than the surface in T4 condition.

At −1.0 V vs. SCE (middle of oxygen reduction plateau), for exam-
le, the surface in the T4 condition exhibit a current density of
�A/cm2, while heat-treated specimen shows a current density
f 6 �A/cm2. If the difference of 4 �A/cm2 is attributed completely
o the MgSi remnant, the effective current density induced by this
emnant can be calculated. The MgSi density in the alloy must be
easured, first via tomograms like the one shown in Fig. 1. With

hese data, a volume and surface area fraction of 0.6 ± 0.08% was
btained for the heat-treated specimen. Taking this surface react-
ng area into account, a current density of about 0.6 mA/cm2 (at a
otential of −1.0 V vs. SCE) has to be generated by the MgSi remnant.
aek and Frankel [42] found cathodic current densities of about
.1 mA/cm2 on AA2024 in the cathodic plateau region and for pure
l a current density about one order of magnitude lower. This gener-
tes a current density of 10–100 mA/cm2 sustained by the particles,
ssuming a particle density of 1–10%. For binary Al–Fe model alloys
mbat et al. [5] found cathodic current densities of 0.1 mA/cm2 in
H 3 solutions, which gives a Fe intermetallic current density of

2
bout 10 mA/cm . The particle density is about 1% and it is assumed
hat only the intermetallics are responsible for the cathodic current
hange between pure Al and Al with 0.42% Fe. Chen and Kucernak
43] reported oxygen reduction rates on Pt of 10 mA/cm2 (12 �m
ots) to 50 mA/cm2 (4 �m dots). This shows that the measured oxy-
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en reduction rate of 0.6 mA/cm2 for the MgSi remnants is lower
han the values for active elements like Cu or catalytic Pt, but in a

easurable range.
To directly prove the influence of MgSi remnants on the cathodic

urrent, additional electrochemical micro-cell measurements were
erformed. The results are shown in Fig. 14. Potentiodynamic
athodic polarization was started again after exposing the sur-
ace to 1 M NaCl for 30 min. Fig. 14a shows the measured surface,
ncluding MgSi, after the cathodic polarization experiment. The dis-
olution of MgSi is clearly visible. In Fig. 14b, the area excluding
gSi is shown; no corrosion resulting from the OCP conditioning

r the following cathodic polarization is visible.
Fig. 14c shows the cathodic polarization curves measured on

n area including MgSi, including only Fe-containing IMP (both
n the same specimen heat-treated at 350 ◦C for 15 h) and mea-
ured on a specimen in the T4 temper. The potential is set to zero
or the OCP (overpotential representation) to better compare the
athodic current densities resulting from the various surface condi-
ions. The cathodic current densities of areas excluding MgSi (heat
reatment 350 ◦C, 15 h) and on a random chosen surface in the
4 temper are similar. On both surfaces, a similar number of Fe-
ontaining intermetallics and small quantities of small precipitates
re present. In micro-cell measurements the current density dif-
erence between an area including no MgSi and including MgSi
s about 1000 �A/cm2 (a factor of about 10). A current density
f about 40 mA/cm2 evolving at MgSi remnants can be calculated
onsidering the higher MgSi surface fraction of 2.6% in the micro-
apillary. This cathodic current density is 102 times higher than the
alue measured with a macroscopic cell (macroscopic 0.5 mA/cm2,
icroscopic 40 mA/cm2). This difference can be caused by the dif-

erence in the diffusion rates and type. Due to the form of the
apillary a fast diffusion (towards hemispherical diffusion rates)
an be assumed, allowing higher oxygen reduction rates. A rise of
athodic currents of 102 with an area decrease of 103 on stainless
teel was also reported by Birbilis et al. [44] and support the find-
ngs made in this study (where the area of the micro-cell is 104

maller than that of the macro-cell).
These electrochemical polarization experiments indicate that

ery high cathodic current densities can be achieved on local cath-
des and that the MgSi remnants are cathodically active. This
athodic activity is roughly 1–2 orders of magnitude below that
eported for Cu-containing intermetallics, but is still significant.

. Conclusions

In this study, the behavior of MgSi particles during Al–Mg–Si
lloy corrosion processes was characterized. Ce decoration
xperiments, open circuit measurements, cathodic and anodic
otentiodynamic polarization in both macroscopic and electro-
hemical micro-cell experiments were used to obtain detailed
nformation on the microscopic location and kinetics of the elec-
rochemical reactions. The surface was characterized ex situ using
ES and EPMA techniques, to investigate the local modification of

he material surface resulting from the corrosion processes.
The influence of MgSi particles on the corrosion process can be

escribed as follows:

(a) Mg dissolution on MgSi particles starts already after just a few

seconds of immersion regardless of the aging condition. The
measured open circuit potential of the alloy is controlled by
the active Mg dissolution, when a surface fraction of about 0.6%
MgSi particles is present. A local increase in the pH above dis-
solving MgSi particle can be detected.

[

[
[
[
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b) A Si-rich remnant with an oxidized surface is left after the de-
alloying process has taken place.

(c) MgSi does not serve as an anodic a corrosion propagation
site after de-alloying. This conclusion is also supported by the
observed pH rise in dissolving MgSi particles.

d) MgSi remnants are cathodically active and raise the measured
cathodic current by a factor of 3 compared to MgSi excluding
surfaces. In microscopic experiments the difference is a factor of
10, as the surface fraction of MgSi may rise in the measuring area
and faster diffusion can take place in the used capillary. With
a cathodic current density about 10 times smaller than that
reported for Cu, MgSi remnants can still cathodically promote
corrosion if, e.g., other intermetallics are inactive. This is the
case, i.e., for short exposure times where the large Fe-containing
intermetallics can be inactive.
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