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ABSTRACT

The corrosion behaviour of an assembly between an AA1370 cable and a pure copper connector for wiring
harnesses was studied in neutral chloride and sulphate containing solution. Electrochemical impedance
measurements showed that the corrosion behaviour of the cable was controlled by the ingress of the elec-
trolyte inside cable cavities. Further, local impedance measurements were performed on two assembly
cross-sections, i.e. with and without cavities in the aluminium cable. The results provided evidence for
both the galvanic coupling between aluminium and copper and the presence of cavities in the aluminium
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1. Introduction

Typical wiring harnesses in the automotive industry consist of
assembly between Cu cable and Cu connector. Today, the pressure
in environmental regulations led to search for solutions giving rise
to fuel economy and reduction in CO, emission. In this context, car
manufacturers planned to reduce both cost and weight of wiring
harnesses. One innovative solution is the substitution of Cu by Al
alloys, such as AA1370, in cables. In the last years, several works
concerned the manufacturing processes of this new type of assem-
bly. Recently, different methods have been proposed to produce Al
strands with ductility and fatigue characteristics reliable for auto-
motive wiring harnesses [1-4] while ultrasonic welding has been
used to join Al cable with Cu connector [5,6]. However, one major
problem for wiring harnesses concerns their corrosion resistance
because, in service, wiring harnesses are exposed to aggressive
media, such as de-icing salt, which can generate corrosion damage.

Numerous data are reported in the literature concerning the cor-
rosion behaviour of 1xxx Al alloys. The main results concerned the
influence of Fe-rich particles which act as cathodic sites and pro-
mote first dissolution of the surrounding matrix and then, pitting
corrosion [7-9]. However, the corrosion behaviour of an Al cable is
more complex. In the literature, only few works have been reported
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cable as relevant explanations for the corrosion behaviour of the assembly.

concerning the corrosion behaviour of a cable. Xu and Chen inves-
tigated the corrosion damage of wire specimens pulled from the
replaced cables in Shimen Bridge [10]. They analysed the corroded
cables from the sheath breakage to the cable center and explained
that the extent of corrosion at any point of a cable section was con-
trolled by its distance from the sheath breakage due to the fluid that
could penetrate inside the cable [10]. Ishikawa and Kawakami [11]
showed the presence of cavities inside a cable due to the incom-
plete penetration of the sheath rubber. Then, during exposure to an
aggressive medium, the solution penetrate into the cable cavities
leading to the formation of a confined environment. Depending on
the configuration of the harness, e.g. number of strand arms con-
stitutive of the cable and space between them, and the intrinsic
corrosion behaviour of the strand, the confined electrolyte com-
position should evolve rapidly, e.g., oxygen concentration, cations
concentration and pH, and then induce severe corrosion phenom-
ena, such as crevice corrosion [12-14]. Chanel and Pebere studied
the mechanisms governing the degradation of brass-coated steel
cords for tyres in a 0.25M Na;SO4 solution in contact with air
and maintained at 25 °C by using electrochemical impedance spec-
troscopy (EIS) [15]. They showed that EIS was a suitable technique
to quantify the corrosion resistance of a cable [15]. Moreover, the
assembly between an Al cable and a Cu connector should gener-
ate galvanic corrosion due to the difference in corrosion potential
values between the two metals in aqueous solution [16-21]. Khedr
and Lashien investigated the corrosion behaviour of pure Al in Cu2*
rich solutions and showed the accelerating effect of the Cu?* cations
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Al corrosion rate due to Cu deposition and subsequent galvanic
coupling [17,18]. Jorcin et al. [19] showed, for a model couple con-
stituted of Al and Cu, the chemical dissolution of Al due to a pH
increase at the Al/Cu interface; this generated an occluded zone in
which the composition of the electrolyte (a 10-3 M Na,S0O4 solu-
tion in contact with air and at room temperature) evolved rapidly.
The galvanic coupling between Al and Cu was also investigated in a
10 mM Na, S04 solution by using a thin-layer cell in order to model
the occluded zone in the crevice [20]. Joma et al. performed exper-
iments in a 0.1 M Na,SOy4 solution and showed that the chemistry
in a thin-layer cell plays a significant role at least at a local scale
[21].

The present work contributes to get a better insight of the
mechanisms governing the degradation of an AA1370 cable/pure
Cu assembly with a particular attention to the effect of the
electrolyte ingress inside the cable. Conventional electrochemical
measurements (Ecorr measurements, polarisation curves and elec-
trochemical impedance spectroscopy) were first carried out for the
AA1370 cable in order to investigate the corrosion behaviour of the
cable alone. Given that the cable was made of a large number of
strands, the electrochemical measurements were also performed
for AA1370 strands to have a better understanding of the corro-
sion mechanisms. Then, to investigate the corrosion behaviour of
the AA1370 cable - Cu connector assembly, local electrochemical
impedance (LEIS) measurements were performed on two cross-
sections of the assembly, one cross-section corresponding to an
AA1370 cable with cavities and the other one without cavities. LEIS
is a non-destructive electrochemical technique that has been used
in recent years to study localized corrosion on bimetallic surface
[19,22-26]. It was used here to determine the influence of the cav-
ities in the AA1370 cable after welding on the galvanic corrosion
processes occurring for the AA1370 cable/Cu connector assembly.

2. Experimental
2.1. Materials

The assembly was obtained by ultrasonic welding using a DS 20-
Il apparatus between an AA1370 (99.7% Al, 0.072% Fe, 0.0045% Mg,
0.045% Si; wt.%) cable and a pure Cu (99.90 wt.% Cu; 200-400 ppm
0,) connector. The Cu connector was a hot stamped Cu sheet. In
the following, the AA1370 cable in the assembly will be referred
to as ‘the Al part’; the AA1370 cable/Cu connector assembly will be
referred to as Al/Cu assembly. During the welding process, the cable
(without the polymer shell) was positioned on the Cu connector and
a pressure was exerted. Then, ultrasonic vibrations were applied so
that the cable and the Cu connector moved relatively to one another
with an oscillating movement. This led to a friction between the two
metals and then to the formation of a welding zone. The total length
of the welded zone was about 12 mm. The quality of the welding
depends mainly on the applied pressure and on the amplitude of
the vibrations. There was a short zone (8 mm) where the strands
constitutive of the cable were entirely welded together so that the
cable did not reveal any cavities after the welding, this zone being
called as the ‘effective welded zone’.

The galvanic coupling at the Al/Cu interface was studied by
electrochemical measurements performed on two cross-sections
of the assembly. Fig. 1a shows a global picture of the assembly.
The two selected cross-sections are shown in Fig. 1b and c. One of
the cross-sections was removed from a porous zone of the cable
due to the fact that the strands constitutive of the cable were
not entirely welded together (henceforth called ‘assembly with
cavities’) (Fig. 1b). Another cross-section was removed from the
effective welded zone where no cavities were observed between
the welded strands (henceforth called ‘assembly without cavities’)

(Fig. 1c). Before corrosion tests, the cross-sections were embedded
in an epoxy-resin without filling the cavities. This was achieved by
embedding the cross-sections in a parafilm shell.

For a better understanding of the corrosion behaviour of the
assembly, electrochemical measurements were also performed
for cross-sections of both the AA1370 cable before welding and
AA1370 strands constitutive of the cable. The cross-sections were
perpendicular to the cable/strand axis. The cable was an assembly
of 50 strands (0.52 mm diameter) protected by a plastic insulat-
ing sleeve. Fig. 1d shows an optical observation of a cross-section
of a cable where the 50 strands can be observed. It can be seen
that the space between the strands is not uniform. To perform
the electrochemical measurements, the cable was embedded in
an epoxy-resin without filling the space between the strands (see
the procedure for the assembly). If only the surface perpendicu-
lar to the cable axis was taken into account, the surface area of
the cross-section of the cable with 50 strands exposed to the elec-
trolyte during the electrochemical experiments was 0.11cm?. To
study the corrosion behaviour of a strand, the difficulty was its
diameter, i.e. 0.52 mm. Three electrodes were prepared with the
cross-sections of 1 strand (S=0.002 cm?), 4 strands (S=0.008 cm?)
and 22 strands (S=0.047 cm?) respectively exposed to the elec-
trolyte. For the 3 electrodes, the strands were organized to obtain a
regular arrangement of their cross-sections (the axis of each indi-
vidual strand being parallel to the others) and embedded together
in an epoxy-resin. All the cavities between the strands were filled
by the epoxy-resin. Preliminary experiments showed that similar
results were obtained for the 3 electrodes. However, the repro-
ducibility of the measurements was better for the electrode with
22 strands due to the fact that the surface was more representative
of the alloy microstructure. In the following, for brevity, only the
results for the electrode with 22 strands are presented. This elec-
trode was referred to as ‘strand sample’. It could be noted here that
the corrosion behaviour of the strand sample could be considered
representative of the behaviour of a cable for which the cavities
would be sealed. Electrochemical measurements were also per-
formed for a Cu sample taken off a connector used for the assembly;
the surface exposed to the electrolyte was 0.11 cm?2.

Before all electrochemical tests, the surface of the specimens
was mechanically abraded with successive grit SiC papers (1200,
2400) and then polished from 6 to 1 wm grade with diamond paste
and deionised water as lubricant.

2.2. Electrochemical measurements

All electrochemical measurements were performed in sulphate
and/or chloride-containing solutions; they are assumed to be rep-
resentative of the automotive environments. Several authors have
used sulphate and/or chloride-containing solutions to study Al/Cu
galvanic coupling allowing the results obtained in this work to be
compared with their results [20,21]. For the conventional electro-
chemical measurements (Ecor;r measurements, polarization curves
and impedance measurements), the corrosive medium (pH=6.5)
was prepared from deionised water by adding 0.1 M Na,SO4 and
a small concentration of chloride (0.001 M NaCl). For LEIS experi-
ments, a 0.001 M NacCl solution (pH=6.5) prepared from deionised
water was chosen to maintain a low conductivity required to
optimize the measurements in the low-frequency range [27].
The electrolyte was maintained at a temperature of 25°C+1°C
except for the LEIS measurements performed at room temperature
(22°C+1°C).

For the conventional electrochemical measurements, the exper-
imental set-up consisted of a three-electrode cell, connected to a
Biologic VSP apparatus, with a large platinum electrode used as
counter electrode and a saturated calomel electrode (SCE) as ref-
erence electrode. Specimens used as the working electrode were
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Fig. 1. (a) Global view of the assembly between AA1370 cable and pure Cu connector; cross-sections of the assemblies (b) with and (c) without cavities; (d) the AA1370 cable

and (e) a strand.

the strand sample and the cable. For the two cross-sections of the
assembly, only E¢orr was measured for exposure times to the elec-
trolyte ranging from 1h to 168 h. In the figures, mean values of
Ecorr are given on the basis of at least ten experiments for each
experimental condition. For the polarization curves, the samples
were first exposed to the electrolyte at Ecorr for 3 h and then, the
anodic and cathodic parts were obtained independently from Ecor
at a potential sweep rate of 0.07 mV s~!. For each sample, at least
three curves were plotted to check the reproducibility. Impedance
measurements were performed under potentiostatic conditions at
Ecorr witha 15 mV peak-to-peak sinusoidal perturbation. Frequency
was swept downwards from 65kHz to 3 mHz with 9 points per
decade. Several impedance diagrams were recorded as a function
of time ranging from 3 h to 168 h. All impedance measurements
were repeated three times to check the reproducibility.

The corrosion behaviour of the Al/Cu assembly was studied
by local electrochemical impedance spectroscopy (LEIS). The mea-
surements were carried out with a Solartron 1287 Electrochemical
Interface, a Solartron 1255B frequency analyser and a Scanning
Electrochemical Workstation Model 370 (Uniscan Instruments).
This method used a five-electrode configuration. The probe (i.e.,
a bi-electrode allowing local current density measurements) was
stepped across a selected area of the sample. The analysed part
had an area of 8 mm x 14mm and the step size was 500 um in
the x and y directions. Maps were obtained at a fixed frequency,
chosen in the present case at 10 Hz, and admittance was plotted
rather than impedance to improve the visualization of the result
[28]. Local impedance diagrams were recorded over a frequency
range of 65 kHz-3 Hz with 8 points per decade. Spectra were plot-
ted for the 2 cross-sections of the assembly shown in Fig. 1b and c
from the Cu part to the Al part with the origin of axis being the Al/Cu
interface. The time to record all the local impedance diagrams was
lower than 60 min. For all the LEIS measurements, the spatial reso-
lution was about 1 mm?, i.e. the analysed surface was about 1 mm?
when alocal impedance diagram was plotted [27]. For the assembly

with cavities (Fig. 1b), the cavities corresponded to 20% of the ana-
lysed surface so that the effective metallic surface was only 80% of
the analysed surface (analysis performed on the cross-section per-
pendicular to the cable axis). In the following, for LEIS results, the
impedance values (in £ cm?) are not corrected. Therefore, for the
assembly with cavities, the impedance values are overestimated
with an error of about 20% if only the surface exposed to the bulk
solution is taken into account.

2.3. Surface characterization

AA1370 surfaces were observed before and after the electro-
chemical tests by using a Nikon Eclipse MA200 optical microscope
(OM). A Leo 435VP scanning electron microscope (SEM) was used
to visualize the Al/Cu assembly after different exposure times to
the electrolytic solution and to obtain a better description of the
corrosion morphology, particularly at the Al/Cu interface. For all
the observations, the samples were removed from the electrolyte
after the electrochemical tests, rinsed with deionised water and
then air-dried.

3. Experimental results and discussion

First, the corrosion behaviour of the cable, as compared to
the strand sample, was studied by combining stationary and
impedance measurements. Then, attention was paid to the corro-
sion behaviour of the Al/Cu assembly.

3.1. Electrochemical behaviour of the AA1370 cable

Fig. 2 shows OM observations of a strand and of the cable after
two exposure times (3h and 168 h) to the aggressive solution at
their corrosion potential. For both samples, a weak dissolution of
the matrix around the Fe-rich particles, identified as AlsFe parti-
cles [29], was observed [7-9]. However, comparison of Fig. 2a and



Fig. 2. Optical microscope (OM) observations of the strand and of the cable after: (a, b) 3 h ofimmersion and (c, d) 168 h of immersion at Ecorr in 0.1 M Na;SO4 +0.001 M NaCl.
(a) and (c) correspond to the strand, (b) and (d) to the cable. (e) SEM observation of corrosion phenomena occurring at the AlsFe intermetallic particles. (f) close-up on the

corrosion filaments observed.

b showed that after 3 h the matrix dissolution around the inter-
metallic particles was more extended for the cable than for the
strand. After 168 h of immersion (Fig. 2c and d), a significant dis-
solution of the matrix around the Fe-rich particles (Fig. 2e) can be
seen on the whole surface for both samples, and in addition, for
the cable, large pits surrounded by fine filaments (Fig. 2f) were also
observed at the periphery of the strands. These corrosion features,
in agreement with literature data, accounted for the penetration
of the electrolyte inside the cable leading to a confined medium
and crevice corrosion phenomenon [10,11]. OM observations of
cross-sections parallel to the cable axis after various exposure
times to the chloride-containing sulphate solution corroborated
this assumption and allowed the depth of the corroded zone to
be measured (Fig. 3a). It was assumed to be a good indication of
the electrolyte penetration depth. In order to measure the depth of
the corroded zone, the corrosion damage was enhanced by polar-
izing at —700 mV/SCE for 5 min the samples after the exposure at
Ecorr (Fig. 3a and b). The electrolyte penetration depth was found to

become rapidly independent of the exposure time, reaching about
800 wm after 3 h of exposure (Fig. 3c).

Fig. 4 reports Ecorr values versus exposure time to the elec-
trolyte for the strand sample and the cable. For the strand sample,
Ecorr stabilized rapidly and an almost stationary value (around
—600 mV/SCE) was obtained after 3 h of immersion. On the con-
trary, for the cable, Ecorr decreased significantly towards more
negative values during immersion which was in agreement with
the differences in corrosion morphology observed between the two
samples (Fig. 2). Fig. 5 shows the polarization curves for the strand
sample and the cable obtained after 3 h of exposure to the chloride-
containing sulphate solution. For the cable, the current densities
were calculated by taking into account (i) only the cross-sections
of the 50 strands constitutive of the cable, i.e. only the surface
exposed to the bulk solution (S=0.11cm?, no corrected surface in
Fig. 5) and (ii) both the cross-sections and the lateral surface of
the 50 strands on a 800 wm depth, i.e. both the surfaces exposed
to the bulk and to a confined electrolyte (S=0.76 cm?2, corrected
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surface in Fig. 5). For both the strand sample and the cable, the
cathodic branch, corresponding mainly to the oxygen reduction,
was similar. For the strand sample and the cable, E¢orr values were
—580mV/SCE and —730 mV/SCE respectively. The anodic domain
was characterized for the strand sample by a passivity plateau,
with passive current densities of about 4.10~% mA cm~2, followed
by a breakdown potential at 500 mV/SCE associated with, first, a
slow increase of the anodic current densities and then a sharper
one. This could be associated to, first, an increase of the dissolu-
tion rate of the matrix surrounding the Fe-rich particles and then
to pitting corrosion. Besides, the significant current fluctuations
observed after the sharp increase of the current densities consti-
tutes a characteristic feature of the pitting corrosion. For the cable,
a short pseudo-plateau was observed and the anodic current densi-
ties were about 2.10~3 mA cm~2 (corrected surface). Whatever the
surface taken into account, the current densities were higher for the
cable, as compared to the strand sample; this could be assigned to
a dissolution process rather than a passivity process. A breakdown
potential was then observed at —550 mV/SCE followed by a sharp
increase of the anodic current densities. All the results showed a
lower corrosion resistance for the cable as compared to the strand
sample. The differences in corrosion behaviour between the two
samples were related to the penetration of the electrolyte inside the
cable cavities leading to the formation of a confined and then more
aggressive electrolyte. This confirmed, for the cable, the occurrence
of both pitting corrosion on the surface exposed to the bulk solu-
tion and crevice corrosion on the surface exposed to the confined
medium inside the cavities. The higher anodic current densities
observed for the cable were related to the progressive modifica-
tion of the electrolyte trapped inside the cavities and subsequent
dissolution phenomenon.

Impedance measurements were performed for the strand
sample and the cable after different exposure times to the chloride-
containing sulphate solution. Fig. 6 shows the diagrams in Bode
(Fig. 6a) and Nyquist (Fig. 6b) coordinates for the strand sam-
ple. After 3h and 24h of immersion, the impedance diagrams
are characterized by two time constants. The first time constant
(60kHz-1Hz) was associated to the response of the passive film,
while the second time constant (1 Hz-100 mHz) was attributed to
the charge transfer process and to the oxygen reduction on the
passive film in agreement with literature [27]. Impedance mea-
surements performed at Ecor in a deaerated electrolyte (results not
shown) revealed the disappearance of the time constant observed
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Fig. 6. Electrochemical impedance diagrams obtained for the strand sample - (a)
Bode and (b) Nyquist coordinates - after different exposure times at Ecor to 0.1 M
Na,S04+0.001 M NacCl.

at low frequencies and no modification in the high frequency
domain. This confirmed the attribution of the low frequency time
constant to the oxygen reduction. After 168 h of immersion, the
impedance diagram showed only one time constant with a lower
resistance which could be associated to the corrosion of the alloy,
i.e. to the charge transfer process. Such an evolution of the diagrams
was in agreement with the OM observations (Fig. 2c), i.e. the disso-
lution of the matrix surrounding the Fe-rich particles due to oxygen
reduction on the intermetallics and subsequent alcalinization of
the electrolyte for increasing immersion times. The impedance
diagrams obtained for the cable (Fig. 7) were clearly modified as
compared to those obtained for the strand sample. The results
are presented by taking into account the total surface exposed
to the electrolyte (the surface exposed to the bulk solution and
that exposed to the confined medium trapped inside the cavities).
The Nyquist diagram (Fig. 7b) was constituted by a straight line in
the high-frequency domain followed by a semicircle. This typical
shape can be associated to the oxygen diffusion in a porous system
[30-33]in agreement with the penetration of the electrolyte inside
the cable cavities. The flattened semicircle may originate from the
cavity shape [34]. The impedance values for the cable were ten
times smaller than those obtained for the strand sample in agree-
ment with the differences in corrosion damage between the two
samples which highlighted the influence of the electrolyte pene-
tration through the cavities of the cable. For 168 h of immersion, a
decrease of the impedance was observed and, in the high-frequency
domain, a time constant appeared which could be associated to the
corrosion of the alloy in the confined medium [35,36]. Additional
experiments (results not shown) were performed with a cross-
section of the cable for which the cavities had been sealed with a
resin by forcing the resin to penetrate into the cavities with a vac-
uum system. The impedance diagram obtained for the cable with
sealed cavities after immersion in the aggressive solution and that
of the strand sample were superimposed. This was in agreement
with comments in the experimental part and confirmed that the
corrosion behaviour of the cable was controlled by the penetration
of the electrolyte inside the cable.
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Equivalent electrical circuits are frequently used to extract
parameters associated with the impedance diagrams. In the present
study, the different sets of impedance measurements performed
allowed the interpretation of the different time constants in agree-
ment with literature data and relevant parameters were defined.
For the strand sample, relevant parameters were the oxide film
resistance (R,x) and the charge transfer resistance (R;). They were
directly measured on the impedance spectra. Further, among rel-
evant parameters, a constant phase element (CPE) is often used
instead of a capacitance to take the non-ideal behaviour of the
interface into account. The CPE is given by:

1
Q(jw)*
where « is related to the angle of rotation of a purely capaci-
tive line on the complex plane plots and Q is in Q~!'cm=2s%. In
the present study, o and Q were determined using the graphical
method proposed by Orazem et al. [37]. For the cable, consider-
ing the complexity of a porous system, the polarization resistance
(Rp) was assumed to allow the corrosion resistance of the cable to
be compared to that of the strand sample. Fig. 7a showed that the
impedance modulus was quite stable for frequencies lower than
10 mHz; therefore, the impedance at low frequency (3 mHz) was
measured and used to evaluate the corrosion resistance of the cable.
The impedance parameters are reported in Table 1.

For the strand sample, during the first 24 h of immersion, ooy
remained constant and equal to 0.95. The values of Qux slightly
increased from 7.3 1077 Q- 1cm 2529 t0 8.6 107 ! cm—2 5095,
The aox and Qox values accounted for the presence of a passive
layer. The variation of Qox with increasing immersion time could
be related to the evolution of the thickness and/or of the chemi-
cal composition of the passive film in relation with the dissolution
of the matrix around the intermetallics. During the first 24 h, the

(1)

Zepg =



Table 1

Parameters obtained from the impedance diagrams for the strand sample and for the cable after different immersion times in 0.1 M Na,SO4 +0.001 M Nacl solution. For the
cable, the impedance values take into account both the surface exposed to the bulk and that exposed to the confined medium inside the cavities (S=0.76 cm?).

Immersion Times (h)

3 24 168
Strand Rox (k€2 cm?) 201+5 220+5 /
Qox 0.95+0.01 0.95+0.01 /
Qox (271 cm=2)s 73107 +11077 86107 +11077 /
R (k2 cm?) 1010420 821410 32445
a / / 0.94+0.01
Q(Q'em2)s® | / 42510°5+110°6
Cable Rp (kS2cm?) 10645 63+5 27 +2
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Fig. 8. Polarization curves of the AA1370 strand sample, the AA1370 cable and the
pure Cu connector after 3 h of immersion at Ecorr in 0.001 M NacCl solution.

corrosion behaviour of the strand sample was controlled by the
presence of the oxide film with high values of both Rox and R;
while, for 168 h of immersion, the electrochemical behaviour was
controlled by the corrosion processes (decrease of the R; values).
For the cable, the low Rp values were in agreement with the low
corrosion resistance of the cable as compared to the strand sam-
ple; moreover, the decrease of Rp with increasing immersion time
was in agreement with the extent of the corrosion damage related
to the penetration of the electrolyte inside the cable and to the
crevice corrosion phenomena on the surface exposed to the con-
fined medium while pitting occurred on the surface exposed to the
bulk.

3.2. Electrochemical behaviour of the assembly

3.2.1. Preliminary experiments and observations

A preliminary study was performed in 0.001 M NaCl to charac-
terize separately the corrosion behaviour of Al (i.e. AA1370) and Cu
in the same solution as that used for the LEIS measurements. First,
the anodic branch of the polarization curves for the Al samples
(strand sample and cable) and the cathodic and anodic branches
for pure Cu were obtained (Fig. 8). Comparison of Figs. 5 and 8
showed that the global shape of the curves for the Al samples was
the same independently of the electrolyte. For the strand sample,
a 600 mV-long plateau corresponding to a passivity plateau with
low anodic current densities (3.10~4 mA cm~2) was observed and
followed by an abrupt increase of the current associated to pitting
corrosion. For the cable, a plateau was also observed; it was bet-
ter defined than in sulphate and chloride-containing solutions but,
again, corresponded to higher anodic current densities than for the
strand sample and was considered as a pseudo-passivity plateau.
It was rapidly followed by a sharp increase of the anodic current
densities associated to both pitting and crevice corrosion as previ-

Fig. 9. Variation of E.o during immersion in 0.001 M NacCl solution for the Al/Cu
assemblies with and without cavities.

ously explained. As observed in the chloride-containing sulphate
solution, the breakdown potential associated to the increase of the
anodic current densities was more negative for the cable (pitting
and crevice corrosion) than for the strand sample (pitting corro-
sion) which showed the lower corrosion resistance of the cable
as compared to the strand sample. In the 0.001 M Nacl solution,
the breakdown potential was 10 mV/SCE and —500 mV/SCE for the
strand sample and the cable, respectively. Then, it can be seen from
Fig. 8 that the corrosion potential of pure Cu was more positive
(200 mV/SCE) than those of the strand sample (—700 mV/SCE) and
the cable (—850mV/SCE) showing as expected that, in the Al/Cu
assembly, pure Cu will be the cathode and the Al samples will be
the anode [20,21,38-40]. From the anodic curves of the Al samples
and the cathodic curve of Cu, the common potential measured, in
the case of a galvanic coupling between the two metals with the
same surface area, would be about —400 mV/SCE for an Al strand
sample/Cu assembly, and —500 mV/SCE for an Al cable/Cu assem-
bly. It was worth noticing that, for the assemblies investigated here
and as shown in Fig. 1, the ratio Scy/Sa; (Scy and Sy, are the surface
areas exposed to the electrolyte in the assembly respectively for
Cu and Al) was significantly higher than 1. Therefore, the common
potential should be shifted towards more positive values than those
previously estimated (with the same surface area). From Fig. 8, it
can be clearly seen that, in 0.001 M NaCl, the common potential was
in the localized corrosion (pitting and crevice corrosion) regime for
the cable, whereas, depending on the ratio Scy/Sa), it could be in the
passive regime for the strand sample. This meant that a severe cor-
rosion damage was expected for the cable when coupled with Cu.
This suggested also that differences should be observed between
the two types of assembly, i.e. with and without (all the strands con-
stitutive of the cable being welded together) cavities, as described
in Fig. 1.
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Fig. 10. Optical microscope observations of the corrosion damage for the Al/Cu assemblies after (a, b) 3h and (c, d) 168 h of immersion at Eo in @ 0.001 M NaCl solution:
assembly (a, ¢) without and (b, d) with cavities. (e) SEM micrograph of the Al/Cu interface of the assembly without cavities after 24 h of immersion in 0.001 M NaCl solution

(tilt of 70°).

Fig. 9 showed Ecorr values versus immersion time in 0.001 M
Nacl for the two types of assembly. As expected, Ecorr Values were
between those of the Al cable and Cu. For both assemblies, Ecqrr
values decreased with increasing immersion time which could be
related to corrosion damage. During the first 24 h, Ecor values were
the same for the two types of assembly; they decreased slowly
from —500 mV/SCE to —600 mV/SCE. After 24 h of immersion, Ecorr
of the assembly without cavities stabilized around —600 mV/SCE,
whereas, for the assembly with cavities, Ecorr moved towards more
negative values and reached —770 mV/SCE after 168 h of immer-
sion. This variation of Ecorr suggested that, for an immersion time
longer than 24 h, the corrosion damage was more extended for
the assembly with cavities and underlined, as already discussed,
that the presence of cavities in the cable modified the corrosion
processes.

The corrosion damages for the two types of assembly were
observed by OM and SEM after shortimmersion times (3 hand 24 h)
and long immersion time (168 h) in 0.001 M NaCl (Fig. 10; results
are only given for 3 h and 168 h). Independently of the immersion
time, Al part was corroded while the Cu surface exposed to the
bulk solution remained safe. For a short immersion time, no signif-
icant difference was observed between the two types of assembly
(Fig. 10a and b). After 168 h of immersion, significant differences
were observed for the Al part depending on the presence or not
of cavities (Fig. 10c and d). For the assembly without cavities, OM
observations showed the presence of pits and numerous fine fila-
ments around the pits for the Al part (Fig. 10c). For the assembly
with cavities, a severe corrosion damage of the Al part was observed
with not only pits observed on the surface exposed to the bulk
solution but also some strands constitutive of the cable completely
dissolved over several hundreds of micrometers in depth. These

corrosion features were in agreement with pitting corrosion phe-
nomena occurring on the surface exposed to the bulk solution while
crevice corrosion occurred in the cavities [38]. More detailed atten-
tion was paid to the Al-Cu interface. For both assemblies, corrosion
products (black areas in Fig. 10c and d) were clearly observed at the
Al/Cuinterface and spread all over the Al part for the assembly with
cavities (Fig. 10d). Fig. 10e shows a SEM micrograph of the Al/Cu
interface after 24 h of immersion for the assembly without cavi-
ties. At the Al/Cu interface, a crevice was clearly visible and also the
Al dissolution. Such a crevice was also observed for the assembly
with cavities: it was even more visible. Similar feature was already
observed for a Al/Cu model couple [19]. This showed that for Cu,
even though no corrosion damage was observed on the surface
exposed to the bulk solution, corrosion phenomena occurred on
the vertical wall inside the crevice, referring to crevice corrosion
processes [20,21]. Thus, for both assemblies, the initial step of the
corrosion process was the dissolution of the Al part at the Al/Cu
interface due to the alkalinisation linked to the oxygen reduction
reaction on the Cu part [19]. The electrochemical reactions that
justify the aluminium corrosion were as follows [38,40-42]:
Cathodic (on the Cu surface exposed to the bulk solution):

04 2H,0 + 4e~ — 40H- 2)
Anodic:

Al - APt 43e” 3)

2Al + 6H,0 — 2AI(OH); + 3H, (4)

Al(OH); +OH™ — [AI(OH)4]~ (5)

With increasing immersion time, in the crevice, hydrolysis
of cations can be assumed and as a consequence the chemical
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Fig. 11. Admittance maps obtained after 24 h of immersion at E¢or in 0.001 M NaCl
solution at 10 Hz above the Al/Cu assemblies: (a) without cavities and (b) with cav-
ities. Admittance values are calculated taking into account an analyzed surface of
1mm?.

composition of the electrolyte at the Al/Cu interface should vary
significantly with a decrease of pH as shown by Shi et al. [40]. This
can be ascribed to the reaction of Al dissolution and hydrolysis [40]:

Al + nH,0 — AI(OH),> ™ +nH" +3e,n = 1-3 (6)

Therefore, in the crevice formed at the Al/Cu interface, the pH
got more acidic which should promote a crevice corrosion phe-
nomenon for Cu. On the opposite, far from the Al/Cu interface, Cu
was in contact with the bulk solution where oxygen is present [21]
leading to a non-corroded surface. For the Al part, for the assembly
without cavities, pitting corrosion was observed. Concerning the
assembly with cavities, pitting corrosion was observed on the Al
surface exposed to the bulk solution and crevice corrosion occurred
in the cavities existing between the strands due to the penetra-
tion of the electrolyte inside the cavities. Therefore, the corrosion
products observed should include both copper oxides, aluminium
oxides and hydroxides [20,38,40,42]. Hdkansson et al. showed that
the main corrosion products formed during galvanic corrosion of
aluminium/carbon systems in 0.6 M NaCl was Al(OH)3, presented
as a gelatinous substance in the crevices between the Al wires [43].
These authors also showed that AI(OH)3 should control the rate of
the corrosion processes which should explain the plateau observed
on the polarization curves for the cable after the breakdown poten-
tial (Fig. 8).

3.2.2. LEIS study of the assemblies

LEIS was first used in mapping mode. Maps obtained at 10 Hz for
the assemblies with and without cavities, after 24 h of exposure in
a0.001 M NaCl solution are shown in Fig. 11. For both samples, the
admittance values are higher (i.e., lower resistance) on the Al part
which was due to the galvanic coupling between Al (anode) and
Cu (cathode). Moreover, heterogeneous values of the admittance

were observed on the Al part in accordance with pitting corrosion
processes, as previously shown. Comparison of Fig. 11a and b did
not show significant differences between the two types of assembly
in agreement with Ecorr measurements (Fig. 9).

Then, local impedance spectra were collected after 24h and
168 h of immersion for the two types of assembly (Fig. 12, Nyquist
coordinates).

First, it can be seen that impedance values on the Al part for
the assembly with cavities are higher than those for the assembly
without cavities. As explained in the experimental part, impedance
values on the Al part are overestimated for the assembly with cavi-
ties. The error on the measurements was estimated to be about 20%
by considering only the surface exposed to the bulk solution. If the
surface exposed to the confined electrolyte in the cavities (consid-
ering the surface in the plane parallel to the cable axis) is taken into
account, this error should be reduced because the exposed surface
would be increased. Nevertheless, despite these inaccurate mea-
surements, it was helpful, for both Al/Cu assemblies, to study the
changes observed for the local impedance diagrams versus immer-
sion time and to compare the electrochemical response of the Al
part and the Cu part to describe the influence of the cavities on the
corrosion behaviour of the Al/Cu assembly.

Then, for both assemblies, the impedance values after 24 h of
immersion (Fig. 12a and b) were higher on the Cu part, then
decreased when the probe moved towards the Al/Cu interface, and
decreased again when the probe was over the Al part. Such an evo-
lution of the impedance as a function of the position of the probe
was in agreement with the galvanic coupling between Al and Cu.
After 24 h of immersion, pitting corrosion occurred on the Al part
(Fig. 10). For the assembly with cavities, the diagrams plotted for
the Cu part (red curves in Fig. 12) are significantly modified in
the low frequency range as compared to those obtained for the
assembly without cavities. Their global shape suggested a diffusion-
controlled electrochemical process in relation with the cathodic
reaction of oxygen reduction on the Cu part. After 168 h of immer-
sion, the diffusion-controlled process was even more marked on
the diagrams for the assembly with cavities (Fig. 12d) and could be
also noted for the assembly without cavities (Fig. 12c¢). This conclu-
sion could be related to those of Hakansson et al. who showed that,
for a Al/carbon couple, the rate controlling mechanism was solely
the mass transport of oxygen through the gelatinous Al(OH)3 inside
the crevice [43].

In order to quantitatively analyse the LEIS diagrams, three
parameters were graphically extracted: the CPE values (« and Q)
and the values of the impedance modulus at 1Hz (|Z|y,). Fig. 13
shows the variation of these parameters for each diagram obtained
over the Al and Cu parts. Independently of the assembly and of
the immersion time, |Z| g, values for the Cu part were higher than
those for the Al part, which confirmed the differences in reactiv-
ity between the two metals when they were coupled (Fig. 13a,
d). On the Cu part, the low frequency range was related to the
diffusion process linked to the oxygen reduction (Fig. 12). What-
ever the assembly, the increase of |Z| 1y, between 24 h and 168 h of
immersion was in good agreement with the shift of the corrosion
potentials measured for the assemblies towards more and more
negative values from 24 h to 168 h of immersion (Fig. 9): this was
linked to a more and more significant cathodic polarization for the
Cu part. When the immersion time increased, in agreement with
the corrosion potential values measured for the two assemblies,
the differences in |Z|1y, values between the Al and Cu parts were
even more marked for the assembly with cavities. After 168 h of
immersion, |Z|1y, values measured on the Al part for the assembly
with cavities were lower than those of the Al part for the assem-
bly without cavities. This was explained by taking into account the
increase of the electrochemical processes in a confined medium
previously showed for the cable: the effect of the galvanic coupling
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Fig. 12. Local impedance spectra obtained after (a, b) 24 h and (¢, d) 168 h of immersion at Eco;; in 0.001 M NaCl solution for different positions of the bi-electrode above the
Al/Cu assemblies: (a, c) without cavities and (b, d) with cavities. Impedance values are calculated taking into account an analyzed surface of 1 mm?.
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Fig. 13. Variation of the parameters ((a) and (d) |Z|n,, (b)
NaCl and for different positions of the bi-electrode over the Al/Cu assemblies: (®
an analyzed surface of 1 mm?2.

was more and more marked with increasing immersion time for
the assembly with cavities.

The differences in reactivity between Cu and Al from one part,
and between the two assemblies for the other part, were confirmed
by the variation of a and Q with increasing immersion time. After
24 h of immersion, the strong reactivity at the Al/Cu interface was
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and (e) a and (c) and (f) Q) obtained from the local impedance spectra after different exposure times in 0.001 M
) without cavities and (

() with cavities. Impedance values are calculated taking into account

showed with both the decrease of « and the increase of Q in the zone
where SEM micrographies (Fig. 10e) showed a crevice on the Al part.
This evolution was more marked for an assembly with cavities in
relation with a lower corrosion resistance of the Al part due to the
penetration of the electrolyte inside the cavities of the cable. After
168 h of immersion, a and Q values confirmed the increase of the



galvanic coupling effect. Between 24 h and 168 h of immersion, o
values significantly decreased in agreement with an increase of the
diffusion processes on the Cu part and a stronger corrosion for the
Al part. Moreover, it can be seen that after 168 h of immersion,
a values are lower for both the Cu and Al parts for the assembly
with cavities as compared to the assembly without cavities. The
result could be linked to a stronger increase of Q values at the Al/Cu
interface observed for the assembly with cavities as compared to
the assembly without cavities. The results were in good agreement
with the presence of the confined electrolyte which amplified the
effect of the galvanic coupling when the immersion time increased.

Therefore, the LEIS measurements provided evidence that the
corrosion behaviour of the Al/Cu assembly was explained by both
the galvanic coupling between the Al and Cu parts, which enhanced
the corrosion of the Al part, and the penetration of the electrolyte
inside the cavities observed in the Al part of the assembly, which
led to a more and more confined and aggressive electrolyte with
increasing immersion time so that it enhanced the reactivity of the
Al part and thus the galvanic coupling with Cu.

4. Conclusions

The study was first focussed on the corrosion behaviour of an Al
(AA1370) cable as compared to a strand.

1. OM observations after exposure to a chloride-containing sul-
phate solution showed a more extended corrosion damage for
the cable than for the strand.

2. Electrochemical measurements showed for the cable: (i) a
stronger decrease of the corrosion potential with time than for
the strand, (ii) an increase of the anodic current density associ-
ated with a pseudo-passivity plateau and a more negative pitting
potential as compared to the strand and (iii) impedance diagrams
characteristic of a porous system.

3. The corrosion behaviour of the Al cable was controlled by the
penetration of the electrolyte between the strands constitutive
of the cable. Such a phenomenon led to a more aggressive con-
fined medium which explained the lower corrosion resistance
of the cable as compared to the strand.

4. Then, the corrosion behaviour of the assembly between an Al
cable and a Cu connector was investigated by electrochemical
techniques, and in particular local impedance measurements.

5. Al dissolution occurred due to galvanic coupling with the Cu
connector and crevice corrosion was observed on the Cu walls
perpendicularly to the Al/Cu interface exposed to the electrolyte.

6. Local impedance data showed that the cavities of the Al cable
significantly influenced the corrosion behaviour of the assem-
bly: the reactivity at the Al/Cu interface and the extent of the
corrosion damage on the Al part were stronger for the assembly
with cavities.
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