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The localized corrosion of Al~(5.03%)Zn-(1.67%)Mg-(0.23%)Cu alloys and high purity Al has been
studied using electrochemical techniques, optical microscopy, SEM and EDX. The samples were
previously submiited to different heat treatments in which coherent and incoherent MgZn, precipitates
with different distribution and aggregation degree were produced. The influence of NaCl and Na,SO,,
dissolved oxygen, immersion time and convection were studied. In NaCl solutions, pitting potentials
for the alloys were more negative than for aluminium, indicating an increase in their susceptibility to
localized corrosion. Moreover, annealed and cold-rolled alloys presented more negative pitting and
repassivation potentials than those submitted to age hardening with direct or interrupted quenching.
In annealed and cold-rolled samples, pit nucleation and propagation takes place in the zones where
MgZn, is accumulated. In the case of the age-hardened alloys, a double pitting behaviour is observed,
the first one in the magnesium and zinc enriched regions and the second in the matrix. While the cold
water quenched alloy is susceptible to stress corrosion cracking, the alloy submitted to the interrupted
quenching process is less susceptible to intergranular attack. The sulphate ion shifts the pitting
potential of aluminium and the alloys by chloride towards more positive values because it impedes

local accumulations of the latter.

1. Introduction

Al-Zn-Mg alloys were studied for the first time in
1913 [1] and their good mechanical properties, after
adequate heat treatment, were demonstrated in 1926
[2]. The most interesting properties of these alloys,
which lead to structural applications (mainly as con-
structional materials), are age-hardenability, good
corrosion resistance, weldability and low density [3].
Several studies [4-14] have shown that small additions
of other elements, particularly Cu, Cr and Zr, improve
the properties of Al-Zn-Mg alloys. Cordier et al.
(15, 16] determined an optimum Zn: Mg ratio of 3: |
and a limit of 7% for the total quantity of both
elements in order to obtain a weldable Al-Zn-Mg
alloy with good stress-corrosion cracking (SCC)
resistance. Also, Zn and Mg contents in the range
4.9-5.2% and 1.6-1.8%, respectively, were suggested
to assure the minimum strengths required for a high-
strength constructional material [16]. Hardenability of
the alloys having such compositions is due to the
formation of MgZn, precipitates in the ageing process
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(4,15, 16]. According to Cordier et al. [8], the addition
of 0.15-0.20% Cu to Al-5% Zn-1.7% Mg increases
its SCC resistance.

Al-Zn-Mg alloys have been studied from the view-
points of microstructure, mechanical properties and
the usual loading tests of SCC resistance. Galvele and
De Micheli [17], Maitra and English [18] and Byrne
[19] have shown the utility of electrochemical polariz-
ation methods to study the susceptibility to inter-
granular corrosion and therefore to stress-corrosion
cracking (SCC) of Al-4% Cu and Al-6% Zn-2.5%
Mg-1.7% Cu-0.2% Cr (known as 7075) alloys. For
7075-T651 and 7075-T7351 [18], two breakdown
potentials were identified in the potentiokinetic anodic
polarization curves, the first assigned to the Mg and
Zn enriched phase in the vicinity of the grain bound-
aries and the second to the matrix. The decrease of
SCC susceptibility by overaging to the T7351 temper
was explained by the Cu depletion of the solid solution
matrix, which reduced the difference between the pit-
ting potentials of the grain boundaries and the matrix.
Byrne demonstrated Cu incorporation into the matrix
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precipitates using EDX and explained in the same way
the increase in SCC resistance of 7075-T73 when sub-
mitted to different T7 ages [19].

In the present work, the electrochemical polariz-
ation methods, optical microscopy, SEM and EDX
are applied to study the relation between microstruc-
ture and localized corrosion phenomena of high-
strength, weldable and SCC resistant Al-5% Zn-
1.7% Mg-0.2% Cu alloy. Different microstructures
were obtained using the corresponding heat treat-
ments in order to gain a better understanding of the
effect of Cu, Zn and Mg segregation and distribution
and size of MgZn, precipitates. The corroding media
comprised solutions of different chloride and sulphate
concentrations (simulating atmospheric corrosion
conditions). The effect of the presence of dissolved
oxygen, immersion time and convection were also
examined.

2. Experimental details
2.1. Preparation of the test samples

Alloy electrodes were obtained from S5kg ingots
(Kingston Laboratories, Ontario, Canada), which
were homogenized at 500° C for 4h, hot rolled to a
thickness of 1cm and cold rolled to a thickness of
0.4 cm. At this stage, the spectrographic analysis of the
alloy gave a content of 5.03% Zn, 1.67% Mg and
0.23% Cu. The Si content was 0.006% and Nb, Ti, Cr,
Fe, Ni, V and Mn were less than 0.001%. From these
sheets, cylinders of 2.5mm diameter were obtained
and then four test samples, named HST, HA, HB and
HC, were prepared following different heat treatment
procedures based in the equilibrium phase diagrams
of Al-Zn-Mg alloys and on the effect of quenching
after solution heat treatment [4, 8, 15, 16, 20, 21].
Sample HST was not submitted to any heat-treat-
ment, still having a 60% of deformation due to the
previous rollings. Sample HA was annealed at 430°C
for 24 h and then, slowly cooled for 48 h. Sample HB
was solution heat treated at 480° C for 1h, quenched
in cold water at 10° C (direct quenching) and naturally
aged for 3 days at room temperature, then artificially
aged by heating at 90° C for 8 h and subsequently, at
135°C for 24 h. Sample HC was solution heat treated
at 480° C for 1 h, rapidly cooled in a salt bath at 400° C
for 2 min, quenched in cold water at 10° C (interrupted
quenching) and also aged following the same sequence
as in the case of the specimen HB. The purpose of
these heat treatments was to test the effect of material
deformation (HST) and the behaviour of the samples
presenting phase equilibria (HA) and those, age-
hardened, applicable as constructional materials (HB
and HC) [21]. High-purity aluminium (99.9995%)
cylinders of 3mm diameter were also prepared for
comparative tests.

2.2. Electrochemical experiments

The working electrodes were encapsulated in epoxy

resin or, when using the RDE, in a Teflon matrix. All
the specimens were mechanically polished up to I um
(diamond paste) and cleaned with ethanol in ultra-
sound bath.

The experiments were conducted in a conventional
three-electrode cell at 25.0 + 0.1°C. The auxiliary
electrode was a platinized Pt wire and the reference,
connected via a Luggin capillary, a SCE or a saturated
Hg/Hg,SO,/K, SO, electrode (when the test solution
contained sulphate). All potential values given in this
paper are referred, unless otherwise indicated, to the
SCE.

The cyclic polarization (CP) curves, the Tafel exper-
iments, as well as the corrosion potential (E,., ) against
time and the polarization resistance (Rp) measure-
ments, were performed by means of a PAR 273 poten-
tiostat commanded by an IBM PS 50Z computer. The
influence of forced convection was studied using an
RDE supplied by Pine Instruments.

The test solutions were 0.01 and 0.1 M NaCl, 0.1 M
Na,S0, and 0.01 M NaCl-1M Na,S0O,, saline con-
centrations simulating atmospheric conditions. All
solutions were prepared from analytical reagent
(Merck) NaCl and Na,SO, and Millipore Milli-Q
quality water. The electrode response in these media
was studied after different time of immersion, under
aerated and deaerated conditions. Deaeration was
performed by argon bubbling for 3h through a vig-
orously stirred solution, circulating argon over the
electrolyte during the experiments.

2.3. Microscopic examination

The surface of the alloys was examined before
and after the electrochemical experiments in a Carl
Zeiss Metaval metallographic microscope and in a
Jeol-JSM 840 SEM. The surface microstructure of
specularly polished samples, prior to electrochemical
polarization, was revealed using 3A (concentrated)
or 3B (diluted) Keller’s reagents [22]. The samples
to be observed under the SEM, immediately after
preparation, were rinsed in ethanol, dried in an
argon atmosphere and stored under high vacuum.
The microanalysis of the surface was carried out
by EDX (Link Systems), under conditions in which
the electron penetration depth was estimated to be
1.9 pym.

3. Results
3.1. Microstructure of the alloys

SEM observation of the specularly polished samples
showed the existence of particles in the grain bound-
aries of alloys HST and HA. The EDX microanalysis
of such particles indicated the presence of Zn and Mg
and therefore, were attributed to MgZn,, the typical
compound formed in the alloys studied [4, 15, 16]. It
must be noticed that Cu was also evidenced in the
MgZn, grain boundary precipitates by EDX micro-
analysis of spots situated in such regions. These pre-
cipitates were small, discontinuous and long shaped,
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Fig. 1. Results of different Keller’s etching of the specularly polished Al-Zn-Mg alloys under study. {a) Alloy HST, 205 etching in 3A
Keller’s reagent; (b) alloy HA, 30s etching in 3B Keller’s reagent; (c) alloy HB, 30's in 3A Keller's reagent and (d) alloy HC etched in 3A

Keller’s reagent for 8 min.

following the grain boundary direction. Such pre-
cipitates in alloy HST were found to be smaller than
in the case of alloy HA. For the latter alloy, parallel
transgranular bands of very small MgZn, particles
were also observed. Any precipitates in the case of
alloys HB and HC could not be detected under the
SEM. '

X-ray mappings of Zn and Mg resulting from EDX
microanalysis were also performed for all the alloys
polished up to a mirror finish, using magnifications in
the range 200-2000X. Such mappings showed a quite
uniform Zn and Mg distribution in the grains even in
alloys HST and HA. This is not surprising because of
the relative solubility of Zn and Mg in Al, as well as
the distribution and the very fine form of the MgZn,
precipitates.

The mean grain size of the alloys HA, HB and HC
was determined to be 225 4+ 40 um using standard
metallographical methods [21]. To obtain more infor-
mation on the microstructure of the alloys, 3A and
3B Keller’s reagents were employed. The correspond-
ing micrographs are shown in Fig. la-d. As can be
seen in Fig. 1a and b, samples HST and HA show well
defined grain boundaries together with orientated
dark points due to the accumulation of extremely fine
MgZn, precipitates in these zones. Sample HB also
show dark points and well defined grain boundaries,
but, contrary to the latter alloys, the width of the grain
boundary marks are continuous and narrow. The
grain boundaries of sample HC appear only after a
general attack of the alloy surface (see Fig. 1d),
indicating that MgZn, particles are much more fine

and dispersed on the surface than in the case of alioys
HST and HA. The observation of all the surfaces
attacked by Keller’s reagents under the SEM shows, at
least in alloys HST and HA, cavities where the MgZn,
precipitates were located. According to actual knowl-
edge of the age-hardening process, an extremely small
size of MgZn, particles is expected for alloys HB
and HC [4] and therefore, they are not easily observed.
In order to look for differences of the local com-
position of the alloy surface in the aforementioned
cavities, a number of microanalyses of spots (in
the range 10-20), inside and outside them were
performed. As expected, the total counts correspond-
ing to the elements decrcased when the roughness
increased. For this reason, the total counts of Al at
1.48keV, Mgat 1.26 keV and Zn at 1.04 keV, Ny, Ny,
and N,,, respectively, were measured and the ratios
znial = Nza/Nais Fzopig = Nzo/Ny, and Frgal = Ny /
Ny, calculated, the respective experimental errors
being 0.002, 0.060 and 0.002 in all cases. The values
corresponding to spots inside and outside the cavities
must indicate if there are significant compositional
differences between attacked and non-attacked zones.
For alloy HST after 20s etching in 3A Keller's
reagent, rzyars Fzame aNd ryga were 0.017, 0.54 and
0.032 inside the cavities and 0.020, 0.60 and 0.034
outside the cavities, respectively. In alloy HC after
30s etching in 3A Keller’s reagent, the ratios were
0.016, 0.66 and 0.024 inside the cavities and 0.018,
0.80 and 0.023 outside the cavities, respectively. These
results confirm the Mg and Zn elimination by Keller’s
etch.
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Table 1. Quasistationary corrosion and pitting potentials obtained for
Al and Al-Zn-Mg-Cu alloys in 0.1 M NaCl solutions under different

experimental conditions, at 25.0 + 0.1°C.

EcorT El'[i
Sample Conditions® /V(SCE) |V(SCE)
Al 0, ~0.69 —0.61
0, + FC ~1.14 —0.62
Ar -1.20 —0.62
Ar + FC —1.30 —0.60
ST 0, —0.86 —0.76 (—0.83)
0, + FC —0.87 —0.79 (—0.83)
Ar —1.00 —0.81 (—0.80)
Ar + EC —1.11 —0.81 (—0.82)
HA 0, —0.90 ~0.76 (—0.83)
0, + FC —0.89 —0.78 (—0.83)
Ar —1.05 —0.83
Ar + FC —121 —0.84 (—0.83)
HB 0, —~0.85 —0.77 (—0.81)
0, + FC —0.84 —0.75 (—0.78)
Ar -0.97 (—0.82)
Ar + FC —1.11 —0.80 (—0.81)
HC 0, —0.80 —0.72 (—0.76)
0, + FC —0.86 —0.77
Ar —L11 —0.77 (—=0.77)
Ar + FC ~1.20 —0.75 (—0.74)

* 0,: solutions with air dissolved at atmospheric pressure; Ar:
solutions deaerated with argon; FC: forced convection using a
RDE.

f Quasistationary values measured after 3h of immersion of
samples in solution.

1 Values in parenthesis are pitting potentials obtained immediately
after immersion of samples in solution. For alloys HB and HC, the
first pitting potential is reported (see the text).

3.2. Electrochemical measurements in 0.1 M NaCl

Electrochemical results obtained for Al and Al-Zn-
Mg-Cu alloys are summarized in Table 1. E, of all
samples after immersion in the working solution
changed with time from an initial value of about — 1 V
(see certain examples in Fig. 2a and b). In air-saturated
solutions, E,,, changed in the positive direction. How-
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ever, when after a few minutes a certain potential was
reached (e.g. Fig. 2a), it began to oscillate in a range
of 10-25mV around a mean value, which was approxi-
mately constant (within +20mV) for an 18 h period.
In Fig. 3, a surface micrograph of the alloy HC after
18h of immersion in an air-saturated 0.1M NaCl
solution is shown, proving pit evolution in certain
Zones.

In deaerated solutions, E., changed towards more
negative values and quasistationary conditions were
approached after a few minutes of the immersion of
the ailoy. However, continuous and very slow changes
in E,,, with time were found (see Fig. 2a and b). SEM
examination of alloy HA after 3h of immersion still
showed the existence of the precipitates.

Quiescent and forced convection conditions, the
latter obtained by means the RDE at 2000 rpm, led to
the same quasistationary E,, values in air-saturated
solutions except when using high purity aluminium.
When electrolyte convection was introduced for high
purity aluminium in quasistationary conditions and
air-saturated solution, it ceased to oscillate and slowly
approached the value obtained for deaerated sol-
utions. Conversely, in the case of deaerated solutions

.and for all the samples studied, the quasistationary

values in quiescent solutions were about 100 mV more
positive than those corresponding to electrolytes sub-
mitted to a forced convection. Although such quasi-
stationary values were determined up to seven times
for each sample, the effect of forced convection in
deacrated solutions was proved recording E_, against
¢ with alternacy of quiescent and forced convection
conditions (see Fig. 2b). For high purity aluminium
and all the alloys studied, whenever electrolyte con-
vection was introduced after reaching the correspond-
ing quasistationary conditions, E,, shifted slowly
about 100mV in the negative direction, and shifted
slowly about 100 mV in the positive direction when the
forced convection conditions were stopped.

Under quasistationary, deaerated and forced con-
vection conditions, the R, values at 2mVs~' were
34 4+ 5,55+ 5,75 + 10 and 105 + 10kQem’ for

0.3 L T T T
(b)
-0.7 F -
5 09 an p .
SR T e -}
e M
13 -
s i ; i !
0 2000 4000 6000 8000

Fig. 2. E,,, against time curves in 0.1 M NaCl for different specimens and conditions. (a) Corresponds to alloys HC in (1) air-saturated apd
quiescent solutions and (IT) deaerated and forced convection conditions. (b) Alloy HB in deaerated solutions: (I) under forced convection
conditions and (II) performed immediately after curve (I), in quiescent solution, the forced convection being again introduced at point P.
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Fig. 3. Pitting corrosion in alloy HC after a 18 h exposure in air-
saturated 0.1 M NaCl.

alloys HA, HST, HB and HC, respectively, in front of
a value of 135kQecm’ for high purity Al In air-
saturated solutions, the R values for all the alloys
were much lower and suffered considerable uncer-
tainty because of the potential oscillation near E,,,.
The polarization characteristics of the different
samples and conditions studied were compared by
means of CPs performed at 1 and 0.2mVs™! (the
sweep rate normally used to obtain the quasistation-
ary I-E curves for aluminium in chloride solutions
[23]). All the CPs were initiated at the quasistationary
E,. measured in deaerated solutions. Several of the
experimental curves are presented in Fig 4a and b, in
which significant differences in the anodic currents for
the different samples employed and the appearance of
a maximum (M) only for the alloys HB and HC, can
be observed. Such a maximum separates two pitting
processes [17-19]. From the CPs, the pitting potentials
(Eq) for alloys HA and HST and the repassivation
potentials (Fgp) for all the alloys studied were deter-
mined by extrapolation of the linear /-FE regions near
the potential of zero current. For alloys HB and HC,
E was measured as previously suggested [17-19], i.c.
as the extrapolation to zero current of the linear
region appearing before the maximum M. Alloy HA
was observed under the SEM in the conditions of
point P in Fig. 4a, finding a selective corrosion of the
MgZn, precipitates. E; and Eyp determined for 0.2
and 1 mVs™' coincided within the experimental error
(10mV), although the currents measured were differ-
ent. It is important to notice that for 0.2mVs~', the
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shoulder T shown in Fig. 4a disappears, the region TL
presents higher current and the region TR also present
higher current but with greater curvature. Table 1
shows that Ep of the alloys studied depends on heat
treatment and test solution conditions. However, Egp
only depends on the heat treatment of the alloy, being
of —0.90, —0.88, —0.82 and —0.80V for alloys HA,
HST, HB and h 7, respectively. It must be noted that
all these Egp values coincide with the corresponding
quasistationary K, in air-saturated solutions.
Anodic Tafel slopes of 24 + 7mVdec™' were
obtained for all the alloys in air-saturated solutions
under quasistationary conditions, independently of
convection of the electrolyte. The corresponding cath-
odic Tafel slopes were very high, the determination of
the value being imprecise because of the current oscil-
lation near the pitting potential. Anodic and cathodic
Tafel slopes determined in deaerated and forced con-
vection conditions were 0.67 and 0.18 V dec™! for high
purity Al, 0.45 and 0.15V dec™ ' for alloy HB and 0.44
and 0.13V dec™! for alloy HST, respectively. For alloy
HB and quiescent solutions, the corresponding anodic
and cathodic Tafel slopes were 0.51 and 0.16 Vdec™'.
Figure 5 shows the aspect of the surface of sample
HC after a cyclic polarization between — 1.3 and
— 0.6V (see curve HC in Fig. 4a). The microanalysis
of a spot on the surface of the precipitate indicated the
presence of Al, Cl and also very small quantities of Mg
and Zn. The CPs were also performed correcting auto-
matically the ohmic drop every 60s in order to detect
the existence of an ohmic control during the process.
It must be indicated that the ohmic drop correction
was performed automatically by the instrumentation,
taking only a time of the order of microseconds to do
the operation. As can be seen in Figs. 6 and 7a-f, the
attack was then highly enhanced: the anodic charges
were much greater and, accordingly, a much higher
extent of surface was corroded. However, the pitting
potential and the regions more susceptible to the
attack were the same as those found when the ohmic
drop correction was only performed at the beginning
of the experiment. Alloys HST, HA and HB presented
the greatest pitting attack in the grain boundaries (see
Fig. 7a~c and e}. A very different and characteristic
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Fig. 4. Cyclic polarization curves at 1 mV s~ for the different specimens in deaerated 0.1 M NaCl solutions. Cross-section of Al: 0.071 cm?.

Cross-section of the alloys: 0.049 cm’.
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Fig. 5. Surface of alloy HC after the cyclic polarization curve shown
in Fig. 4a.

type of attack is evidenced in alloy HC. As shown in
Fig. 7f, pitting attack is basically intragranular, the
greatest part of the grain boundaries being intact.
X-ray mappings of Cl were also performed to know
the distribution of the element on the surface of the
corroded samples. In Fig. 7d, a representative chlorine
X-ray mapping corresponding to the micrograph of
Fig. 7c is presented.

In the CP curves with periodical ohmic drop correc-
tion, the same trend as those without periodical
correction was observed: the total anodic charge for
alloys HST and HA was greater than that for alloys
HB and HC. The repassivation potentials when such
a correction was applied were —1.29, —1.38, —1.15
and —1.14V for alloys HST, HA, HB and HC,
respectively. The latter values approximately coincide
with the potential of zero current of the cathodic
sweep of the cyclic polarization curves of the corre-
sponding alloys, but are in strong contrast with the
values reported in Table 1. For alloy HA the values of
the ratios rzyar, ¥zome a0 g inside the pits after the
cyclic polarization were 0.013, 0.64 and 0.020 and
outside them, 0.019, 0.63 and 0.031, respectively,
indicating significant Mg and Zn depletion in the
corroded areas.

0 T T T T
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L 08| -
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20 ! | I 1
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Fig. 6. Cyclic polarization curve corresponding to alloy HST in
deaerated and stirred 0.1M NaCl at 1mVs™'. (I) ohmic drop
correction at the beginning of the experiment, as in the case of
Fig. 4 and (II) ohmic drop correction by the current interrupt
method every 60s. Cross-section of the alloy: 0.049 cm’.

3.3. Influence of NaCl concentration and Na,S0O,
addition

In 0.1 M Na,S0Q,, the E_, against ¢ curves showed the
same trend as in 0.1 M NaCl and approximately the
same quasistationary potential values were found.
However, the E_ oscillation in air-saturated solutions
was not detected in 0.1 M Na,SO,. The cyclic polariz-
ation curves were performed after an immersion time
ofdh and from E_ up to + 2.3 V. The anodic current
for high purity aluminum and all the alloys was in
the order of a few microamps in the potential range
studied, in strong contrast with chloride containing
solutions (cf. Fig. 4a and b). The anodic current
slightly increased with potential, but the great rise
found in chloride solutions (see Fig. 4a and b) was
never detected in the aforementioned potential range
for 0.1 M Na,SO,. The microscopic observation of the
alloy surfaces showed that the anodic dissolution
started at points where the localized corrosion devel-
oped in NaCl solutions (cf. Fig. 8a and b), that is
preferentially in grain boundaries in alloys HA, HST
and HB and in the inner part of the grain in alloy HC.
However, corrosion further spreads over the surface
in 0.1M Na,SO,. On the other hand, the anodic
current of the cathodic sweep roughly retraced that of
the anodic sweep, principally in alloys HA and HST
and, when the experiments were performed under
forced convection conditions, the anodic current
increased significantly (about one order of magnitude
in alloy HA).

E,,, values in air-saturated 0.01 M NaCl presented
also oscillations of about 30-45mV around the mean
quasistationary value, which were —0.82, —0.80,
—0.80and —0.76V for alloys HA, HST, HB and HC,
respectively. The repassivation potentials, more repro-
ducible than pitting potentials for this concentration,
coincided with E_, in air-saturated solutions.

The current increase due to the pit propagation in
0.01 M NaCl-1.0M Na,SO, appeared at much more
positive potentials than those found in the absence of
sulphate (see Fig. 9). Figure 10 shows the aspect of the
surface of alloy HST after the anodic sweep in which
pit propagation took place. Cl and S mappings
showed a quite uniform distribution of the elements
with high preponderance of the latter. Microanalysis
of a spot of the central precipitate in micrograph of
Fig. 10 showed a great quantity of Al and S and a
small quantity of Zn, Mg and Cl.

Discussion
4.1. Microstructure of the alloys

Because of its preparation, alloy HA must have the
equilibrium microstructure and therefore, a high con-
centration of MgZn, precipitates in the grain bound-
aries is expected. SEM observation and 3B Keller’s
reagent attack reveal such a preferential distribution
(see Fig. 1b). Apart from the precipitates existing in
the grain boundaries, a series of precipitates linearly
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Fig. 7. Surfaces of the alloys after the cyclic polarization at I mV s~ in 0.1 M NaCl between — 1.2 and —0.6 V with ohmic drop correction
by the current interrupt method every 60s. (a) Alloy HST; (b) alloys HA; (¢) and (d) detail of alloy HA and the corresponding Cl mapping;

(e) alloy HB; and (f) alloy HC.

distributed in the grains are also observed. Alloy HST
presents a composition near to that of the equilibrium,
but its grain structure differs from that of alloy HA.
Alloy HST shows enlarged and deformed grains
because of the cold rolling, the direction of the grains
corresponding to the effort applied (see Fig. 1a).
According to 3B Keller’s etching, extremely fine
MgZn, precipitates can be expected in the grain

boundaries and in the inner part of the grains of alloy
HB (see Fig. 1¢). The precipitates appear to be much
more fine and dispersed than in the case of alloys HST
and HA. This result can be easily explained from the
known metallurgical changes produced by its heat
treatment sequence [20, 25], the following microstruc-
ture being expected: Guinier-Preston (GP) zones, Zn
and Mg grain boundary segregation, small quantity of

Fig. 8. Surface attack of the alloys after potentiodynamic polarization in 0.1 M Na,SO,. (a) Alloy HA stopping the anodic sweep at .6V,
in quiescent and air-saturated solution and (b) alloy HB after cyclic polarization between — 1.2 and + 2.2V in air-saturated and stirred
solution. Potentials referred to saturated Hg/Hg, SO, reference electrode.
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Fig. 9. Potentiodynamic polarization curves of the alloys at
I1mVs~': (a), (b) and (c) alloys HB, HST and HA, respectively, in
deaerated quiescent 0.01 M NaCl-1.0M Na, 80, solution; (c) and
(d) alloys HC and HST, respectively, in air-saturated quiescent
0.01M NaCl after 3h of sample immersion. Cross-section of the
alloys: 0.049 cm?.

MgZn, precipitates in the inner part of the grain and
a higher extent of MgZn, precipitates in the grain
boundaries. The existence of Zn and Mg segregation
can be explained by the vacancy drag mechanism, a
non-equilibrium segregation model which supposes
that solute atoms are pumped to the grain boundaries
depending on the grain size and on the quenching rate
[24, 26, 27]. According to the literature [28, 32], the
number of vacancies increase with the temperature. At
high temperatures, the proportion of free vacancies is
much greater than those complexed with solute atoms.
However, as the temperature decreases, the propor-
tion of combined vacancies increase in such a form
that is greater than those free. As long as such vacan-
cies are absorbed by the grain boundaries in the cool-
ing process, solute atoms are pumped to the grain
boundaries. In the ageing process and depending on
the concentration distribution gradient of Zn and Mg,
part of the Mg atoms reacts with Zn to form MgZn,.
The non-combined Mg remains in free form in the
grain boundaries [25, 33-35], appearing to be respon-
sible for the SCC of the alloy [26, 36-38]. It is possible
to calculate, approximately, the thickness of the free
precipitate zone near the grain boundaries as a func-
tion of the quenching rate [39, 40]. In the case of alloy

Fig. 10. Surface of alloy HST after a potentiodynamic polarization
between — 1.2 and 0.2V in deaerated and quiescent 0.01 M NaCl-
1.0M Na, SO,, the ohmic drop correction being performed by the
current interrupt method every 60s.

HB, such a thickness is estimated to be about 4 um,
which is much lower than the mean grain size of
225 + 40 pym. Therefore, 3B Keller’s reagent shows
the grain boundaries where MgZn, precipitates and a
Mg enrichment exist, but the free precipitate zone is
not revealed (see Fig. 1c).

Although the mean grain size in alloys HA, HB and
HC appears to be the same, the distribution of pre-
cipitates is very different. In alloy HC, the dispersion
of GP zones and precipitates in the inner part of the
grain appears to be similar to that of alloy HB, but
great differences in the composition of the grain
boundaries are evidenced. According to Garlipp et al.
[21], the breaking strains of non-corroded HB and HC
alloys were 454 + 8 and 435 + 2MNm’, respect-
ively, whereas for the same alloys corroded in 3 gdm *
NaCl + 36gem™ CrO, + 30gem ™’ K,Cr,0; boil-
ing solution for 3.5h, they were of 306 4+ 32 and
417 + 20MNm 2, respectively, i.e. 67(4+8)% and
96(+ 5)% of the values corresponding to the non-
corroded samples. The fracture of the corroded alloy
HB exhibited a mixing of grains non-deformed together
with other ones with plastic deformation, while in the
case of alloy HC, only plastically deformed grains
were observed. All these results can also be explained
by the vacancy drag model, because when the quench-
ing process is interrupted at a temperature where the
great part of the vacancies are not combined with
solute atoms, many of such vacancies can be absorbed
by the grain boundaries without dragging solute
atoms [21]. The quantity of solute atoms dragged to
the grain boundaries in alloy HC was much lower than
for alloy HB because of the interrupted quenching
process and hence, much smaller quantities of MgZn,
precipitates and free Mg in the grain boundaries are
expected.

4.2. Elecirochemical behaviour in 0.1 M NaCl

The anodic and cathodic Tafel slopes indicate that the
cathodic reaction is highly polarized in air-saturated
0.1 M NaCl and hence, cathodic control is inferred
under such conditions. Conversely, the anodic process
governs the total reaction in the deaerated solution.
On the other hand, the R, values determined in air-
saturated solutions are much lower than those found
in deaerated solutions, indicating higher corrosion
rates in the former. These results, as well as the
evidence in Fig. 3, allow the quasistationary values
measured in air-saturated solutions to be ascribed to
pitting evolution and the potential oscillation to the
instability of the system which undergoes pitting.
Polarization by dissolved oxygen up to the pitting
potential has also been reported for different aluminum
alloys [3].

The equilibrium potential of the electrode Al,O; -
3H,0O/Al is calculated to be —2.275V at pH 7, this
indicating that in the E,, conditions reported in
Table 1 for deaerated and air-saturated solutions,
aluminum should be protected by a passivating oxide
layer. Therefore, in deaerated solutions, the metal
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corrosion must take place in the form of passive cor-
rosion, the anodic process leading to the oxide forma-
tion and the cathodic process being the reduction of
water. However, in air-saturated solutions, oxygen is
the reducible species and the anodic reaction corre-
sponds to pit evolution.

The Tafel slopes for hydrogen evolution on alu-
minium and on many other metals are about 0.12V
dec™! (without surface oxide or at least, in the case of
aluminium with the minimum residual oxide) [41-43],
which is a value lower than those obtained in the
present work. Values of cathodic Tafel slopes greater
than 0.12V dec ™' can be ascribed to the presence of an
oxide film on aluminum, as previously demonstrated
[44]. In addition, Moshier et al. [45] have shown by
means of XPS that an oxyhydroxide phase close to
boehmite, AIOOH, is formed on aluminum after
about 1h of immersion in neutral solutions, which
changes to gibbsite, AI(OH),, after 10-20 h of exposure.

The values of Ry, E,,, and Tafel slopes obtained in
the present work can be interpreted according to the
breakdown and repair theory of the oxide films on
metals [46]. Whenever the active metal area increases
due to the film breakdown, E,,, shifts in the negative
direction and the corrosion current increases. On the
contrary, when the metal is repassivated, E,,, shifts in
the positive direction and the corrosion current
decreases. This explains that for deaerated solutions,
E,,. decreases just after the immersion of the sample
and under forced convection conditions, they become
more negative than those of quiescent solutions. It
must be accepted that the oxyhydroxide film formed
on aluminum and its alloys presents flaws or defects
through which the anodic or cathodic processes can
take place, because if such an oxide were compietely
uniform and passtvating, no £, changes would be
found when introducing the forced convection. As a
consequence, the £, decrease in deacrated solutions
is ascribed to an increase in the anodic area because
forced convection favours the removal of the oxi-
dation products from the alloy surface.

In free corrosion conditions of high-purity alu-
minium in air-saturated 0.1 M NaCl, the metal under
the defects or flaws of the initial oxide film is oxidized
to form new oxide which can further grow and
therefore, F,, shifts in the positive direction. The
formation of new oxide in the presence of chloride
permits to develop local conditions favouring pit
nucleation and further pit propagation. When forced
convection is introduced, local conditions previously
created can be disturbed and then, the active area
increases, E,,, shifts in the negative direction and pit-
ting corrosion ceases.

A similar interpretation can be performed for the
alloys studied, although the question related to the role
of dissolved Zn, Mg and Cu and MgZn, precipitates
must be considered. A pitting potential of — 1.1V was
reported for the latter compound in deaerated 1 M
NaCl and a maximum difference of 100 mV is estimated
when changing the NaCl concentration from 1 to
0.1 M [47]. On the other hand, a small gquantity of

copper appears to be incorporated in the MgZn,
phase, as indicated by the corresponding spot micro-
analysis. Copper incorporation in this phase, as Mg
(Al, Cu, Zn),, has been previously described for
overaged 7075 Al-Zn-Mg alloy [18] and this probably
modifies the breakdown potential of the MgZn, phase
in the positive direction.

The anodic Tafel slopes for the alloys in deaerated
solutions are lower than the value corresponding to
high-purity aluminium and the Rp values decrease in
the order Al, HC, HB, HST and HA. The £, about
— 1 V measured for the alloys in quiescent and deaer-
ated solutions and the negative shift when forced
convection is introduced, can also be explained by the
breakdown and repair theory of oxide films, the pass-
ive corrosion being anodically-controlled. The R,
values indicate that the oxide film on the alloys
presents more flaws and defects than for high purity
aluminium, with the corresponding increase of the
corrosion rate. This is not surprising because the
resistance to corrosion of high purity aluminium
is due to aluminum oxide and the alloys present
elements of a quite different nature.

As shown in Fig. 4a and b, alloys HB and HC
present two pitting potentials while high purity alu-
mijnium and alloys HA and HST exhibit only one
pitting potential. The Ey data obtained in deaerated
solutions (see Table 1) indicate a decrease in the
susceptibility to pitting attack following the order
HA, HST, HB, HC and Al The pitting potentials of
aluminium alloys are associated to the phases or
regions of different composition present in the alloy
and are electrochemically detected when such regions
or phases exist in a sufficient quantity [3, 17, 18], This
makes it possible to recognize two different zones
susceptible to pitting attack in alloys HB and HC.
When considering the very small size and high disper-
sion of the MgZn, precipitates in alloys HB and HC
and the previous discussion on the pitting potential of
MgZn,, it is highly improbable that one of the pitting
potentials corresponds to the attack of this latter
phase. On the other hand, Fig. 7e shows pitting attack
in the matrix and also intergranular and therefore,
alloy HB is susceptible to SCC, in agreement with
previous loading tests {21]. As pointed out above, a
Mg and Zn enriched region is localized close to the
grain boundaries and as long as such elements make
the alloy more anodic, the grain boundaries will be the
first region to be attacked during the anodic sweep. At
more positive potentials, pitting of the matrix also
takes place. A similar situation has been described by
Maitra and English [18] using an Al-Zn-Mg alloy
with higher contents in Zn, Mg and Cu but also cold
water quenched and artificially aged. Alloy HC,
although two pitting potentials were also observed at
potentials similar to those found for alloy HB, did not
suffer intergranular attack after the cyclic polarization
assay (see Fig. 7f). This indicates that alloy HC is
more resistant to SCC, in agreement with previous
loading tests [21]. When comparing the behavior of
alloys HB and HC, it must be concluded that the two
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zones of different composition in alloy HB are
distributed in a different form in alloy HC. According
to the microstructural results, the Mg and Zn enriched
region in alloy HC is also parallel but situated at greater
distance from the grain boundaries than alloy HB.

The interest of studying alloys HA and HST was for
correlating the MgZn, precipitates with localized
attack of the samples. £} values for alloys HST and
HA are more negative than those for alloys HB and
HC and only one pitting potential is found. Although
pitting attack took place near to the MgZn, precipi-
tates, pitting of the matrix is clearly revealed after the
cyclic polarization (see Fig 7a and b). The matrix of
alloy HA and HST surely has a lower content in
copper than the matrix of alloys HB and HC, as
indicated by the microanalysis of spots of MgZn,
precipitates in alloy HA. However, the change of the
solution potential of the alloy when copper concen-
tration is changed from zero to 0.5% is only of about
4mV [3] and the total composition of copper in the
present alloys is 0.23%. On the other hand, the Zn and
Mg contents of the matrix of alloys HA and HST are
expected to be lower than in the case of alloys HB and
HC, because the latter have metastable supersaturated
phases produced by cold water quenching. The micro-
scopic observation of alloy HA at point P, that is
before pit propagation, shows selective corrosion of
MgZn, and, in addition, a significant current which
slowly decreases is found after the linear region of the
cathodic sweep (i.e. after point R in Fig. 4a and b).
Therefore, it is concluded that MgZn, precipitates
play an important role in the pitting corrosion behav-
iour of alloys HA and HST. Finding a typical pitting
corrosion behaviour in small and highly dispersed
precipitates is improbable because they are not con-
tinuous. However, they may act as pit nucleation
centers. With the current focusing in the MgZn, which
are being dissolved, a higher local chloride concen-
tration is produced in the resulting cavities. The local
conditions favour pit propagation in the matrix near
such precipitates. [t is well known that pit growth is an
autocatalytic phenomenon, the composition of the
pits being different from that of the bulk solution [23].
Pit propagation undoubtedly discovers new MgZn,
precipitates following the grain boundaries or even in
the inner part of the grain and as a greater quantity of
such precipitates are localized in the grain boundaries,
pits propagate preferentially in the intergranular
direction. Although the cathodic sweep retraces the
region TL of the anodic sweep (see Fig. 4a), the region
TR reveals the influence of a greater quantity of
MgZn, phase, because pitting corrosion has been
extended in the intergranular regions, permitting easily
the pit propagation in these zones.

Results of Table | indicate a certain effect of dis-
solved oxygen in the CP curves. For all the alloys, Ey
values are independent of convection, presence of
oxygen and immersion time in the solution, except
when the samples are immersed in air-saturated sol-
utions for long times. In this case, Ep is more positive,
whereas Egp values do not depend on convection,

presence of oxygen and immersion time in the sol-
ution. Since the alloys undergo pitting corrosion in
aerated solutions, it is interpreted that the prolonged
action of oxygen is the elimination of part of the most
anodic phase, pit nucleation than being more difficult.

It is also observed in Figs. 5 and 7a—f that the
greatest part of the attacked zone appears covered by
an aluminium chloride precipitate of the same charac-
teristics, independently of the application of the
periodical current interrupt JR compensation. This
indicates that such precipitates are not an artifact of
the latter correction. Moreover, chloride is not present
in significant quantities in those zones where the pre-
cipitates are not found. The appearance of these pre-
cipitates is not crystalline and when dryed under Ar
stream and high vacuum, they are broken forming
crevices. On the other hand, not all the precipitates
show a significant quantity of aluminium chloride.
This indicates that part of the aluminium oxidation
leads to the formation of oxide, probably hydrated.
When the pit is active, such a film permits chloride
penetration and pit propagation, while when the oxide
film formation predominates on chloride attack, the
pit becomes passive and the existence of chloride is
practically not detected. These results are easily inter-
preted when considering that pit propagation takes
place under ohmic control. The current densities at
—600mV for the alloys studied are of the order of a
few mA cm 2, this implying high current densities in
localized points. As pit propagation develops in the
active pits, which are covered by a layer composed by
aluminium oxide and chloride, the ohmic control in
the pitting corrosion process must correspond to ion
migration through such layers. As the main electro-
chemical process takes place in the active pits, this
indicates that they are covered by a layer more con-
ductive than the oxide layer covering the regions
which have not suffered attack. When the ohmic drop
is corrected every 60s, the resistance of the layer
covering the pits is compensated and a new potential
is applied favouring pit propagation in the more sus-
ceptible areas.

4.3. NaCl concentration and Na, SO, addition effects

As shown by the experimental results, sulphate ions
are responsible for a general corrosion of the alloys.
Such a corrosion starts at points where the oxide is less
protective, that is in the grain boundaries in alloys
HA, HST, HB and in the inner part of the grain in
alloy HC, as found in chloride solutions. However,
further oxidation spreads the attack over the surface
and no pitting attack is found in the potential range
studied. The anodic current densities measured are of
the order of magnitude of those corresponding to
oxide film formation by ionic conduction, although
they are higher than the stationary current densities of
2pAcm? at 1mVs ' measured in H;BO;-borax
solution, an electrolyte which permits oxide formation
with high efficiency [48]. Therefore, the efficiency for
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the oxide formation on the alloys studied in sulphate
solutions appears to be low.

As can be deduced from Figs. 9 and 10, the effect of
combined additions of chloride and sulphate produces
general corrosion of the sample and pitting attack in
certain areas. The most remarkable feature is that
sulphate considerably shifts the pitting potential in the
positive direction (see Fig. 9). In the microscopic
examination of the alloys polarized up to pit propa-
gation, many precipitates of the type appearing in
Fig. 10 were observed all over the corroded surface.
Such precipitates are typical of pitting attack by
chloride ion (see Figs. 3, 5, 7a—c) and then, they are
related to the current increase shown in Fig. 9. The
shift in the pitting potential can be explained by the
fact that both sulphate and chloride are competitively
adsorbed on the oxide film. As long as there is a great
proportion of sulphate, it is very difficult for chloride
ion to be adsorbed and build up local conditions with
sufficient concentration to develop pitting attack.

5. Conclusiens

The electrochemical study of the corrosion behaviour
of Al-(5.03%)Zn—(1.67%)Mg—(0.23%)Cu, submitted
to heat treatments of annealing (HA), cold rolling
(HST), cold water quenching and ageing (HB) and
interrupted quenching and ageing (HC), in chloride and
sulphate solutions, under deaerated and air-saturated
conditions have led to the following conclusions:

1. The passive corrosion of the samples studied in
deaerated solutions decreases in the order HA,
HST, HB, HC and Al Corrosion of the alloys in
such conditions are attributed mainly to deffective
oxide on Zn and Mg enriched regions and on MgZn,
precipitates.

2. Free corrosion potentials in air-saturated solutions
present oscillations of a few tens of mV around a
quasistationary mean value, which sensibly coincides
with the repassivation potential of the samples.

3. Susceptibility to pitting attack decreases in the
order HA, HST, HB, HC and Al. High purity Al and
alloys HA and HST present a single pitting behaviour,
the process being initiated in the MgZn, enriched
regions, which activate pitting of the matrix. Alloys
HB and HC exhibit two pitting processes: the first one,
at more negative potentials, in the Mg and Zn enriched
regions and the second one, in the matrix.

4. Alloys HA and HST are susceptible to inter-
granular attack because of the greater quantity of
MgZn, in the grain boundaries. The age hardened
alloy HB is susceptible to intergranular corrosion and
therefore to the SCC, because the Mg and Zn enriched
regions are situated in the grain boundaries. Alloy HC
18 more resistant to SCC, because the Mg and Zn
enriched regions are probably situated parallel but at
a certain distance of the grain boundaries.

5. Pit propagation takes place under ohmic control,
probably by ion migration through a layer composed
by hydrated aluminum chloride and oxide. Ohmic
drop correction by the current interrupt method highly

enhances pitting corrosion, showing clearly the regions
of the alloy more susceptible to pitting attack.

6. Sulphate ions premote general corrosion of the
alloys. However, the corrosion starts in the Mg and
Zn enriched regions and in the MgZn, phase. The
presence of sulphate in the chloride solutions con-
siderably shifts the pitting potential towards the posi-
tive direction, because the sulphate adsorption on the
alloy precludes chloride accumulation and further pit
nucleation at localized points.
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