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A study of the corrosion behaviour and corrosion inhibition of AA 6061 and AA 2014 metal matrix
composites (MMCs) reinforced with alumina particles, during exposures to 0.1 M NaCl solution is
reported. Many tungsten and molybdenum-containing inorganic salts were tested as corrosion in-
hibitors, but only ammonium tetrathiotungstate a�orded good inhibiting properties, particularly
towards the AA 2014-based MMC. The corrosion behaviour of the composites in uninhibited or
inhibited solutions was compared by di�erent techniques to that exhibited by the corresponding
matrices. The techniques adopted included weight loss measurements, electron probe microanalysis
(EPMA), scanning electron microscopy (SEM), linear polarization resistance measurements, polar-
ization curve recordings and current noise analysis. The analysis of the current ¯uctuations showed
that di�erent patterns of the time records were obtained during pit initiation, stable pitting and
general corrosion. The power spectrum density plots exhibited f )a trends, with a values around
20 dB decade)1 when corrosion was mainly localized in pits, while values tending to zero were
measured when general corrosion became dominant.

1. Introduction

Metal matrix composites (MMCs) were developed to
produce materials with higher Young's modulus/
density and yield strength/density ratios, together
with a tailorable coe�cient of thermal expansion and
high thermal stability and conductivity. These im-
proved properties are often achieved at the expense of
a lower corrosion resistance, as the reinforcing par-
ticles or ®bres introduce inhomogeneities on the sur-
faces exposed to aggressive environments. This is
particularly evident when the matrix is an active
metal, such as aluminium and its alloys, and the re-
inforcement has electrical conductivity or semi-
conductivity, as in the case of graphite or silicon
carbide. In these cases, the presence of galvanic cells
will stimulate the corrosion process on the matrix.
Alumina is an insulator and alumina particles or ®-
bres can be used to reinforce aluminium alloys with-
out inducing galvanic corrosion. However, previous
studies carried out on pure aluminium reinforced
with alumina short ®bres (Sa�l) also suggested that
the introduction of this reinforcement could adversely
a�ect the corrosion behaviour, by introducing ¯aws
in the surface passive ®lm [1]. Therefore, it is of in-
terest to study the corrosion behaviour of two alu-
mina-reinforced aluminium alloys MMCs.

Many substances have been tested as corrosion
inhibitors of these materials and their corresponding
matrices. Among these were salts of tungsten and
molybenum-containing anions, selected following the
paper of Lomakina et al. [2], who studied the corro-

sion inhibition of aluminium alloys by addition of
iso- and heteropoly anions of these two elements in
high temperature water, containing a low chloride
and sulfate concentration.

2. Experimental details

The 20% Al2O3p/AA6061-T6 and 10% Al2O3p/AA
2014-T6 studied were particulate reinforced MMCs.
The matrices were aluminium alloys (Table 1). The
average particulate size was 18 lm. Each electrode
was fabricated by inserting an insulated copper wire
into a small hole drilled on one sample side. The
electrical joint was protected by epoxy resin, so that
the sample surface exposed to the solutions was that
opposite to the contact. The electrode surfaces were
ground mechanically with emery paper and polished
with diamond paste (3 lm). They were then rinsed
with distilled water and degreased with acetone. Fi-
nally, they were partially masked with resin to pro-
duce electrode areas of 0.3±1 cm2. The electrodes for
noise measurements were prepared with areas of
5.7 cm2. Small coupons of the di�erent materials
(about 10 cm2 of exposed surface area; ®nishing: 600
emery paper) were also prepared for weight loss
measurements.

The test solution was a 0.1 M NaCl solution, kept
at the temperature of 25ëC. The di�erent materials
were compared by recording their anodic and
cathodic polarization curves in the test solution, after
1 day of immersion, at a potential scanning rate of
0.1 mV s)1.
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Many substances were tested as corrosion in-
hibitors: sodium molybdate dihydrate, sodium tung-
state dihydrate, ammonium tetrathiotungstate,
ammonium tetrathiomolybdate, ammonium (para)-
tungstate, ammonium (meta)-tungstate hydrate, so-
dium polytungstate, phosphotungstic acid hydrate,
phosphomolybdic acid and tungstosilicic acid hy-
drate. All were supplied by the Aldrich Chem. Co.
They were used at a concentration of 1 g dm)3. The
pH values of the solutions containing the last three
substances were adjusted by sodium hydroxide ad-
ditions, in order to shift them to the range 5.5±6.0.
The screening of the di�erent substances as corrosion
inhibitors was carried out by recording the anodic
and cathodic polarization curves, mainly on AA
6061-T6 eletrodes, after 1 day of immersion (potential
scanning rate 0.1 mV s)1).

The most promising substances were tested on all
the investigated materials and the weight losses ob-
tained after 1 month of exposure to the aggressive
solution were also evaluated. At the end of the im-
mersion, scanning electron microscopy (SEM) and
electron probe microanalysis (EPMA), mainly on
cleaned samples, were performed. The cleaning pro-
cess was according to [3].

The corrosion behaviour of the MMCs and their
matrices was monitored during 5 day immersions in
uninhibited and inhibited solutions, by analysing the
electrochemical current noise obtained between two
`identical' electrodes. The current ¯uctuations were
detected by means of a home-made zero resistance
ammeter. Data acquisition (4096 data, 0.03 s inter-
val) was performed by a high resolution multimeter
(HP 3457A) connected to a Compaq Prolinea 4/66
through an IEEE 488 National Instruments interface.
After linear trend removal, the data were transformed
by a fast Fourier transform algorithm into power
spectrum density (PSD) plots, ranging from 8 ´ 10)3

to 16 Hz. Each plot was the average of four plots,
obtained from four consecutive time records. Noise
power values in the frequency range 0.1±10 Hz were
also calculated.

The results of the electrochemical noise analysis
were compared to measurements of linear polariza-
tion resistance, Rp, taken during the 5 days of im-
mersion, in the potential range Ecorr � 5 mV, at a
scanning rate of 0.1 mV s)1.

All the potentials quoted in the text are referred to
the saturated calomel electrode (SCE).

3. Results

3.1. Polarization curves

Figures 1 and 2 compare the polarization curves
obtained on AA 6061-T6 MMC and AA 2014-T6
MMC, respectively, after 1 day of immersion in 0.1 M

NaCl solution (solid curves). The matrices exhibited
polarization curves close to those obtained on the
corresponding composites.

The cathodic curves are strongly dependent on the
copper content of the alloy, so that a strong stimu-
lation of the oxygen reduction process is noticed on
AA 2014-T6 MMC and its matrix, relative to AA
6061-based materials. The shift of the cathodic po-
larization curves of AA 2014-based materials towards
higher current densities makes the corrosion poten-
tials about 100 mV nobler than those of AA 6061-
based materials. In all cases, the pitting potentials are
more or less coincident with the corrosion potentials.

Fig. 1. Polarization curves recorded on AA 6061-T6 MMC after 1
day of immersion in 0.1 M NaCl, in the absence (solid line) or in the
presence of the following additives: tetrathiotungstate (dotted line);
tetrathiomolybdate (dashed lines).

Fig. 2. Polarization curves recorded on AA 2014-T6 MMC after 1
day of immersion in 0.1 M NaCl, in the absence (solid line)or in the
presence of the following additives: tetrathiotungstate (dotted line);
tetrathiomolybdate (dashed lines).

Table 1. Nominal compositions of the studied aluminium alloys

Cu Fe Si Mg Mn Zn Ti Cr

AA 6061 0.25 (0.7) 0.6 1 (0.15) (0.25) (0.15) (0.25)

AA 2014 4.4 (0.5) 0.8 0.4 0.8 (0.1) (0.1) (0.1)

Values in parentheses refer to the higest tolerable content.

326 C. MONTICELLI ET AL.



All the inorganic substances tested, except am-
monium tetrathiotungstate, not only failed in in-
hibiting the anodic and cathodic processes on AA
6061-T6, but also stimulated the reduction process.

Figures 1 and 2 also compare the E/log i char-
acteristics of the composites, obtained in the blank
solution, to those recorded in the presence of tet-
rathiotungstate (dotted curves). A clear inhibition of
the anodic process on both composites and of the
cathodic process on the AA 2014-T6 MMC is
achieved. However, the measurement on AA 6061-
T6 MMC electrodes, of lower corrosion potential in
inhibited than in uninhibited solution, suggests that
an inhibitive e�ect on the reduction process is also
obtained on this material. The pitting potentials in
the presence of tetrathiotungstate are shifted to
)0.520 V, in both cases, with a width of the passive
potential range of about 300 and 250 mV, for AA
6061-T6 MMC and AA 2014-T6 MMC, respec-
tively. The curves recorded on the matrices were
similar.

Owing to its similarity to the tetrathiotungstate
anion, tetrathiomolybdate was also tested as corro-
sion inhibitor for both alloys and the corresponding
MMCs. Figures 1 and 2 show that a fair inhibiting
e�ect is only achieved on AA 2014-T6 MMC (dashed
curves). On AA 6061-T6 MMC, it produces a kind of
passive region on the anodic polarization curve,
characterized by high passive current densities. In
both cases, the anion shifted the corrosion potentials
of the composites in the noble direction. The matrices
exhibited an analogous behaviour.

3.2. Weight losses and EPMA

Table 2 shows the weight losses obtained on the dif-
ferent materials in the absence and in the presence of
the two most promising inhibitors. In the blank so-
lution, the much higher corrosion rates of the mat-
erials with a high copper content are noticed.

Moreover, the results of the gravimetric test sug-
gest a higher corrosion resistance of AA 6061-T6
MMC with respect to its matrix and the slightly
higher corrosion resistance of AA 2014-T6 with re-
spect to the corresponding composite.

The SEM observations and EPMA carried out on
cleaned samples of the various materials after 5 days
and 1 month of exposure to the blank solution were
aimed at investigating this opposite behaviour. AA
6061-T6 showed a few pits and a di�used micropit-
ting attack, mainly localized around small pre-
cipitates, containing particularly iron, but also
copper and chromium in traces (Fig. 3). The spot
analysis of the integer regions only detected the ele-
ments typical of the alloy, that is aluminium, silicon
and a little magnesium. In contrast, AA 6061-T6
MMC showed isolated small pits localized besides
alumina particles (Fig. 4) and EPMA only revealed
the presence of the main alloying elements.

Also in the case of AA 2014-based materials, the
presence of intermetallic precipitates, containing
copper, iron and manganese, besides aluminium, was
only visible on the matrix and induced a uniform
extensive micropitting, after 5 days of immersion
(Fig. 5). However, these elements were found to be

Table 2. Weight losses (in mdd ) obtained after one month of exposure of the di�erent materials in 0.1 M NaCl, in the absence and in the

presence of tetrathiotungstate or tetrathiomolybdate

AA 6061-T6 AA 6061-T6 MMC AA 2014-T6 AA 2014-T6 MMC

0.1 M NaCl 2.16 1.06 6.64 7.08

0.1 M NaCl + thiotungstate 0 0 0 0

0.1 M NaCl + thiomolybdate 1.90 6.34 1.58 1.99

Fig. 3. SEM micrographs obtained on AA 6061-
T6, after 5 days (a) and 30 days (b) in 0.1 M NaCl.
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present more or less uniformly at every point on the
surfaces of both the matrix and the composite spe-
cimens. The localization of the pitting attack was
di�erent: on the matrix, beside micropitting, a few
intergranular cracks began to form after 5 days of
immersion in the aggressive solution and became
clearly evident after 1 month of exposure (Fig. 5),
while, on the composite, the localized attack ap-
peared to start mainly around reinforcing particles, as
for AA 6061-T6 MMC (Fig. 6).

Table 2 shows that tetrathiotungstate was an ex-
cellent corrosion inhibitor. It blocked any localized
attack. In contrast, tetrathiomolybdate slowed down
the corrosion process of AA 2014-T6 MMC and its
matrix only slightly, without avoiding pitting corro-
sion, as evidenced by a visual observation of the
specimens.

The presence of tungsten and, particularly, mo-
lybdenum on the surface of uncleaned specimens
after 1 month exposure to the inhibited solution was
con®rmed by EPMA. The presence of a few particles

containing sulfur and not molybdenum, after ex-
posure to the tetrathiomolybdate solution, was de-
tected only on AA 6061-T6 MMC.

3.3. Polarization resistance measurements

The trends of the reciprocal values of the polarization
resistance values (1/Rp) during the 5 days of immer-
sion, in the absence and in the presence of tetra-
thiotungstate, are shown in Fig 7 and 8, which refer
to the AA 6061-based material and to the AA 2014-
based materials, respectively. The inhibitive action of
tetrathiotungstate is evident in both ®gures, but
particulary in Fig. 8.

During the immersion of AA 6061-based materials
in the blank solution, the corrosion potentials shifted
from )0.8 V, measured after 2 h, up to )0.700/
)0.660 V, after 1 day, and remained more or less
constant to the end of the immersion. In inhibited
solution, these materials exhibited quite lower cor-
rosion potentials ()0.87 V, 2 h of immerison; )0.75/

Fig. 4. SEM micrographs obtained on AA 6061-T6
MMC, after 5 days (a) and 30 days (b) in 0.1 M

NaCl.

Fig. 5. SEM micrographs obtained on AA 2014-
T6, after 5 days (a) and 30 days (b) in 0.1 M NaCl.
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Fig. 6. SEM micrographs obtained on AA 2014-
T6 MMC, after 5 days (a) and 30 days (b) in 0.1 M

NaCl.

Fig. 7. Reciprocal values of the polarization
resistance values, measured at di�erent im-
mersion times in 0.1 M NaCl, in the absence
and in the presence of tetrathiotungstate. Key:
(ÐÐ) AA 6061 blank; (- - - -) AA 6061 in-
hib.sol.; (ÐÐ) AA 6061 MMC blank; (- - - -)
AA 6061 MMC inhib.sol.

Fig. 8. Reciprocal values of the polarization
resistance values, measured at di�erent im-
mersion times in 0.1 M NaCl, in the absence
and in the presence of tetrathiotungstate. Key:
(ÐÐ) AA 2014 blank; (- - - -) AA 2014 in-
hib.sol.; (ÐÐ) AA 2014 MMC blank; (- - - -)
AA 2014 MMC inhib.sol.
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)0.8 V, 5 days of immersion), indicating a limitation
in the growth of the passive ®lm.

In the blank solution, the corrosion potentials of
AA 2014-based materials oscillated between )0.700
and )0.630 V, during all the immersion period, with
an initial value of )0.575 V for AA 2014-T6, recorded
after 2 h of immersion. In the presence of tetra-
thiotungstate, they initially decreased down to
)0.75 V, then, after about 1.5 days of immersion,
they settled around )0.7/)0.68 V, to the end of the
immersion. Therefore, the inhibitor did not shift the
corrosion potential, but stabilized it.

3.4. Current noise analysis

The noise power values obtained during the 5 day
immersion are shown in Figs 9 and 10. In the blank
solution AA 6061-T6 exhibits very discontinuous
noise power values, during the ®rst day of immer-
sion (Fig. 9). Then, these values stabilized around

3 ´ 10)17 A2. Initially, the composite produces com-
parable noise power values, but after 1 day they tend
to decrease. Figure 10 shows for the AA 2014-based
materials that the composite exhibits higher and more
oscillating noise power values, than the matrix.

The analysis of the time records at di�erent im-
mersion times was useful to monitor the evolution of
the corrosion process with time. During the ®rst
hours, continuously oscillating current/time records
were obtained and no clear cuto� frequency can be
obtained from the PSD plots: the composites exhibit
fÿa trends of the PSD plots, with a values around
18±19 dB decade)1, over the whole frequency range,
while the matrices show analogous trends at high
frequencies and decreasing a values in the lowest
frequency decade.

The time records and corresponding spectra ob-
tained at 1 day of immersion are reported in Fig. 11.
The AA 6061-based materials a�ord current±time
patterns similar to each other: they are characterized

Fig. 9. Noise power values, measured at dif-
ferent immersion times in 0.1 M NaCl, in the
absence and in the presence of tetrathio-
tungstate. Key: (ÐÐ) AA 6061 blank; (- - - -)
AA 6061 inhib.sol.; (ÐÐ) AA 6061 MMC
blank; (- - - -) AA 6061 MMC inhib.sol.

Fig. 10. Noise power values, measured at dif-
ferent immersion times in 0.1 M NaCl, in the
absence and in the presence of tetrathiotung-
state. Key: (ÐÐ) AA 2014 blank; (- - - -) AA
2014 inhib.sol.; (ÐÐ) AA 2014 MMC blank;
(- - - -) AA 2014 MMC inhib.sol.
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by many current transients. From the frequencies at
the knees in the PSD plots, it is possible to evaluate
their time constants [4±6] which fall around 0.6±0.7 s.
The time records achieved with AA 2014-based ma-
terials are di�erent from each other: the matrix pro-
duces high frequency current oscillations of small
amplitude superimposed on a rather high galvanic
current. In the region characterized by a f-)a trend,
the corresponding spectrum has a slope of
)8 dB decade)1. a values smaller than 8 dB decade)1

were also obtained. In contrast, the composite shows
many quasiperiodic peaks, with an occurrence rate of
about 0.06 s)1 and lasting about 15 s. The corre-
sponding spectrum shows a clear slope change at
0.075 Hz, which corresponds to the presence of cur-
rent transients with repassivation time constants of
about 2 s, superimposed over the saw-teeth peaks.
The spectra corresponding to aperiodic time records
are characterized by either linear trends (a . 20±
23 dB decade)1) or by very low cut o� frequencies
(s ³ 2 s).

At the end of the 5 day immersion (Fig. 12), more
or less periodic peaks occur on both the composites
and begin also to appear on AA 2014-T6. The oc-
currence rate depends on the matrix, as on AA 2014-
based materials it is always around 0.05±0.07 s)1,
while it is about 0.008 s)1 on AA 6061-T6 MMC. The
time constant of the transients occurring on AA
2014-T6 and its composite are about 3 s and 5 s, re-
spectively. Longer time constants cannot be eval-
uated, within the frequency range investigated. The
linear portions of the spectra of Fig. 12(c¢) and (d¢)
exhibit a values around 18±20 dB decade)1.

Knees in the spectra of Fig. 12 (a¢) and (b¢), ob-
tained on AA 6061-based materials, fall at about 0.3±
0.4 Hz, corresponding to current transient lifetimes of
0.4±0.5 s. Such small values cannot refer to the time
constants of the repetitive current transients obtained
on the composite, which are around 15 s, as eval-
uated from the time record. They characterize the
faster transients visible in Fig. 12(b), superimposed to
the repetitive ones.

Fig. 11. Current noise data obtained after 1 day of exposure to 0.1 M NaCl solution, on AA 6061-T6 (a, a¢), AA 6061-T6 MMC (b, b¢), AA
2014-T6 (c, c¢) and AA 2014-T6 MMC (d, d¢) coupled electrodes. The data are presented both in the time domain (a, b, c, d) and in the
frequency domain (a¢, b¢, c¢, d¢).
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An attempt was made to evaluate possible longer
time constants. The usual procedure consisted in ex-
tracting from each time record reported in the Figs 11
and 12, four time records to produce, by averaging,
one spectrum with a ®ner structure. Therefore, the
low frequency limit was decreased fourfold, by in-
creasing the observation interval of the same amount
and giving up any averaging procedure: that is, from
each data ®le, 4096 readings were taken at a four
times lower sampling frequency. In this way, it was
possible to evaluate the repassivation time constants
of the two matrices at 1 h of immersion: about 8 s for
AA 6061-T6 and 2 s for AA 2014-T6 and to con®rm
the time constant values previously indicated. Time
constants higher than 8±10 s cannot be evaluated.

The inhibitive e�ect a�orded by tetrathiotungstate
is clearly demonstrated by monitoring the current
noise power values (Figs 9 and 10): actually, it sup-
presses almost any current transient in the time re-
cords, thus producing very depressed noise power
values.

4. Discussion

The SEM observations and EPMA analysis could not
detect the presence of intermetallic precipitates in the
MMCs, indicating a more homogeneous distribution
of the impurities and alloying elements in the com-
posites than in the matrices. Therefore, in the re-
inforced materials, pits appear to start mainly at the
alumina particle/matrix interphase, while on the
matrices, a widespread micropitting attack develops
around cathodic intermetallic precipitates. After 5
days of immersion, also some deep pits appear on AA
6061-T6. On the other matrix, the corrosion attack
also produces intergranular pits, clearly visible at the
end of 1 month of exposure to the chloride solution.

The electrochemical current noise data obtained at
short immerison times in the blank solution (e.g., 1 h)
indicate that pitting corrosion develops on all the
materials, without a measurable induction time. This
is indicated by the presence, just after the immersion,
of many overlapping current transients in the time
records, whose time constants, s, depend on the re-

Fig. 12. Current noise data obtained after 5 days of exposure to 0.1 M NaCl solution, on AA 6061-T6 (a, a¢), AA 6061-T6 MMC (b, b¢), AA
2014-T6 (c, c¢) and AA 2014-T6 MMC (d, d¢) coupled electrodes. The data are presented both in the time domain (a, b, c, d) and in the
frequency domain (a¢, b¢, c¢, d¢).
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passivation ability of the material: at such a short
immersion time, the longer s values for AA 6061-T6
(about 8 s, than for AA 2014-T6 (about 2 s) probably
depend on the e�ciency of the cathodic reaction,
which is much higher on the latter, as con®rmed by
the polarization curves (Figs 1and 2). At longer im-
mersion times a marked decrease in the transient
lifetimes on AA 6061-based materials was detected (s
values down to 0.4±0.5 s), in spite of the development
of a concomitant stable pitting attack. This phe-
nomenon was noticed on pure aluminium-based
composites, reinforced with either silicon carbide
particles or alumina particles [1] and was attributed
to the permanence of break-heal events on the passive
surface ®lm, even during stable pit growth. The
healing of passive ®lm ¯aws can be made quicker as
the corrosion process goes on, by emersion of
cathodic impurities and/or phases. Stable pits are
probably responsible of slower current oscillations,
whose duration is behind the capability of the tech-
nique, with the adopted operating parameters [1]. In
contrast, AA 2014-based materials exhibit rather
constant repassivation times which slightly increase
towards the end of the immersion period (from 2 to
5 s or more), suggesting a tendency of these materials
to transform pitting attack into a general attack. The
SEM micrographs taken after 5 days of immersion
appear in agreement with this hypothesis as AA 2014-
T6 shows a high density of micropits (Figure 5), while
a widespread attack around the reinforcing particles
is detected on AA 2014-T6 MMC (Fig. 6).

The analysis of the time records and their corre-
sponding spectra can be a useful tool to evaluate the
degree of localization of the corrosion attack. In fact,
as suggested by other authors [7,8], the slope of the
linear portion of the PSD plots is found to tend to
zero (white noise) in the presence of a uniform cor-
rosion attack. This was the case of AA 2014-T6,
during the initial days of immersion. The corre-
sponding noise power values (Fig. 10) were rather
high (but lower than in the presence of extensive
pitting) and constant. Only towards the end of the
immersion, some exponential current transients be-
gan to appear, as a consequence of a localization of
the corrosion attack. The activity of stable pits is
often accompanied by the presence of quasi periodic
current transients.

Quasi-periodic current transients are clearly visible
on both composites, after few days of immersion and
on AA 2014-T6, at the end of the immersion period,
often together with quicker and smaller transients. In
the literature, periodic current or potential transients
are often described and are mainly connected to
crevice corrosion [9±14] or to stress corrosion crack-
ing [12]. They were attributed to mass transport or
di�usion restrictions [12]. In the case investigated,
here such periodicity could be connected to hydrogen
gas bubbling from active pits. In fact, it is possible
that when the mouth of active pits is obstructed by
corrosion products the outlet of hydrogen gas bub-
bles is blocked, unless they reach a critical size (the

case of AA 2014-T6, at long immersion periods). The
e�ect of the reinforcing particles around the pit
mouth is to produce a crevice e�ect that hinders gas
egress, after 1 or 2 days of immersion. Such perio-
dicity is not evident on AA 6061-T6: possibly, on this
metal the necessary conditions of restricted mass
transport in pits do not develop, at least within the 5
days of observation.

The recovery of such current peaks is slower on
AA 6061-T6 MMC (s . 15 s), than on AA 2014-
based materials (s = 2 ± 5 s). Also the occurrence rate
is higher on the latter materials (.0.06 s)1) than on
the former one (.0.008 s)1). If the egress of the gas
bubble from one pit corresponds to the rising portion
of each quasi-periodic current transient (increase in
the anodic current from the active site), the slow
descent part could be due to hydrogen gas bubble
reformation. Both the faster recovery and occurrence
rate of repetitive peaks on AA 2014-based materials
appear in agreement with their higher cathodic ac-
tivity (the cathodic current densities in the blank so-
lution are about one order of magnitude higher on
AA 2014-T6 MMC, than on AA 6061-T6 MMC,
Figs 1 and 2).

On all the studied materials, tetrathiotungstate
appears to inhibit both the anodic and the cathodic
reaction of the corrosion process. It is not known if it
acts by chemisorption or by ®lm forming. However,
some observations can be made. The Ecorr values
obtained in inhibited solutions suggest it is not an
oxidizing inhibitor, as they are never ennobled, with
respect to the values recorded in the blank solution.
Moreover, sulfur atoms, tetrahedrically disposed
around tungsten [15], must play a fundamental role,
as ligands, because the addition of tungstate stimu-
lates the corrosion process.

The inhibiting e�ciency of this anion is much
higher on AA 2014-based materials than on AA
6061-based materials. However, if a comparison is
made between Figs 1 and 2, it is observed that in the
presence of the inhibitor, the polarization curves on
both composites are more or less coincident: the
higher e�ciency obtained on AA 2014-T6 MMC is
due to its lower corrosion resistance. A hypothesis
was made that the inhibitor, beside inhibiting the
corrosion process on aluminium, could decrease the
cathodic activity on the copper-containing strength-
ening phases, thus levelling the behaviour of the
studied materials. To con®rm this, cathodic polar-
ization curves on copper electrodes were recorded:
they actually show one order of magnitude lower
cathodic current densities at the potentials at which
Ecorr values of AA2014-based materials were found.

Concerning tetrathiomolybdate, the following
observations, can be made. It markedly increases the
corrosion potentials of AA 6061-based materials and
only slightly increases those of AA 2014-based ma-
terials. It is not able to block pitting corrosion. It
slightly slows down the corrosion process of AA
2014-based materials.
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These ®ndings suggest that this anion is probably
reduced by AA 6061 alloy, as con®rmed by the
marked stimulation of the cathodic process on this
alloy. The anion reduction can produce MoS2 and
sul®de anions. The aggressivity of the sul®des (par-
ticles containing sulfur and not molybdenum were
actually identi®ed on AA 6061-T6 MMC) and the
semiconducting properties of MoS2 [15], which can
induce galvanic corrosion nearby, are probably the
cause for the observed stimulation of the corrosion
process on AA 6061-based materials. It is possible
that the reduction of the anion does not occur or
occurs at a lower extent on the slightly nobler AA
2014-based materials.

This would be analogous to the di�erent behaviour
observed between tungstate and molybdate: tungstate
is never reported to exhibit oxidizing capabilities to-
wards aluminium [6,17], while molybdate, which is
often quoted as a non oxidizing inhibitor for alumi-
nium [16, 18], according to other authors is also
present in a reduced form (MoIV) in the surface
passive ®lm of aluminium [19±21].

5. Conclusions

The following conclusions can be drawn:

(i) The analysis of the current noise detected during
the immersion of two aluminium alloy compo-
sites and the corresponding matrices, in a neutral
chloride solution, suggests that the time con-
stants of the current transients are related to the
evolution in the e�ciency of the cathodic reac-
tion on the di�erent materials.

(ii) Stable pits produce quasi-periodic current tran-
sients, probably due to a di�cult outlet of hy-
drogen gas bubbles from pits, partially
obstructed by corrosion products and/or re-
inforcement particles.

(iii) It is con®rmed that the slope of the PSD plots is
connected to the degree of localization of the
corrosion attack: a values of about 20 dB de-
cade)1 were always obtained when pitting cor-
rosion was prevalent; a values tending to zero
were observed when general corrosion was
dominant (on AA 2014-T6, from a few hours
until 3 days of immersion).

(iv) Tetrathiotungstate is an excellent inhibitor for
the studied composites and matrices and parti-
cularly for AA 2014-based materials.

(v) Current noise power values are in good agree-
ment with the 1/Rp values to discriminate the
corrosion resistances of aluminium alloy MMCs
and corresponding matrices in neutral chloride
solutions, in the absence and in the presence of
tetrathiotungstate.
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